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Summary 
Iridoviruses of copepods: their identification, estuarine ecology and host 
histopathology 
Copepods are mesozooplankton with an important role in aquatic food webs globally, 
particularly in driving fisheries recruitment and carbon cycling. Thus infectious 
diseases capable of reducing and suppressing their populations may have far reaching 
effects. This study describes the discovery of several unique Zooplankton 
Invertebrate Iridescent viruses (ZoopIIVs: Iridoviridae) of mesozooplankton, which 
are some of the first descriptions of viral infections from subclass Copepoda 
(Crustacea) globally. 
ZoopIIV infections were first detected in the estuarine copepods Gladioferens 
pectinatus (Brady) from the Hopkins River in 2007, which reflected iridescent 
colours from localised infection sites, or entirely throughout with advanced infection. 
Host iridescence indicated virus persistence and an increased morbidity in spring and 
summer, including epizootic events. Those observations led to further research and 
discovery, with considerable focus on co-developing optical and TaqMan qPCR 
assays for identifying and monitoring the infectious isolate; Hopkins River 
Zooplankton Invertebrate Iridescent virus (ZoopIIV [HR]). 
The ZoopIIV [HR] particle ultrastructure was examined by electron microscopy (EM) 
and found to have an icosahedral symmetry typical of iridoviruses. ZoopIIV [HR] 
shared precisely with Invertebrate Iridescent virus-6, a vitrified capsid diameter of 
165 nm (Cryo-EM) along the three-fold axis of symmetry (and was dissimilar in 
diameter to others genera); however ZoopIIV [HR] fibrils were 9-19 nm longer (EM 
method dependent). 
The macroscopic iridescent colours of host copepods was determined from electron 
micrographs to be caused by superabundant ZoopIIV [HR] particles that had self-
assembled into photonic liquid crystal mesophases, known as the ‘Smectic blue 
phases’. These are the first known descriptions of viral Smectic blue phase’s in-vivo, 
although certainly blue phases are associated with other invertebrate iridescent 
viruses and hosts. Opalescent colours were also verified by EM to indicate ZoopIIV 
infection in copepods.  
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A preliminary infection-ecology study of ZoopIIV [HR] infection throughout the 
adult G. pectinatus population, which used iridescent colours to the indicate infection 
level, found advanced infection morbidity increased with water temperatures > 23°C; 
indicating temperature as a major driver of infection development. Histological 
examination revealed ZoopIIV [HR] infected the reproductive system of male and 
female G. pectinatus, which may explain the subsequent very-low copepod densities 
frequently observed throughout the Hopkins River estuary. Additionally epithelial 
cells were infected; including secretory gland cells and connective tissue throughout 
hosts. 
 An observed change to physiological function was indicated by behavioural changes 
in copepods living with advanced ZoopIIV [HR] infections. They included a delayed 
or completely-lacking escape response when disturbed and a reduction in self-
maintenance and swimming efficiency.  
 Initial attempts to identify ZoopIIV [HR] using generic molecular assays for 
iridoviruses were unsuccessful. However, during the process two other ZoopIIVs 
were isolated from opalescent copepods. 
 Subsequently, optical and molecular assays were co-developed for detection and 
quantification of ZoopIIV [HR] nucleotide within hosts, and throughout host-
populations. TaqMan PCR primers were designed from a region of the ZoopIIV [HR] 
major capsid protein following full genome sequencing, and were examined against 
iridescent, opalescent and putative-uninfected G. pectinatus composites using 
quantitative PCR.  
 Other mesozooplankton populations from marine, estuarine and freshwater systems 
of south eastern Australia, and Antarctica were additionally analysed by bright field 
light microscopy, and many species exhibited the iridescent colours or opalescence 
indicative of viral infection.  
The viral photonic liquid crystals that formed the iridescent Smectic blue phase 
within copepods, led to: a) the discovery and identification of ZoopIIVs, b) co-
development of PCR assays, c) identification of host and sample degradation arising 
from inherent procedural effects and, d) an infection-ecology study. Collectively, 
these are important contributions toward developing methods and further research 
into the impacts of ZoopIIVs in the mesozooplankton.  
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Chapter Structure Rationale:  
Chapter 1 provides a general introduction to the important role of mesozooplankton 
in the world’s oceans, estuaries and freshwater ecosystems; including challenges 
associated with environmental change and potential impacts that may arise for 
populations hosting infectious zooplankton viruses.  
Chapter 2 presents upfront, the discovery and description of the viral Smectic Blue 
phase photonic liquid crystals, which determined the colour-appearance of ZoopIIV 
infection in copepods. The foundational information compliments the succeeding 
chapters and interrelated discussion. 
Chapter 3 describes the ZoopIIV [HR] particle and its ultrastructure, which are 
essential to the formation of the blue phases in-vivo. 
Chapter 4 provides an example of how the blue phases can be used to describe the 
infection-ecology of ZoopIIVs within a host population, and introduces the 
requirement for co-developing optical and molecular assays for diagnostic purpose 
and ecological monitoring.  
Chapter 5 presents work on the co-development of optical and qPCR assays for 
Hopkins River ZoopIIV.  
Chapter 6 provides a short summary of the main results from chapters 2-5, without 
repeating the discussion embedded within chapters. 
 
The histopathology of host copepods is presented as Appendix 2 to maintain flow 
through the body of text.   
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Glossary 
Anisotropic. Different physical properties in different directions, such as refractive 
index, different diffraction limits, or anisotropic displacement parameters of atoms 
(Rupp 2009). 
Antiferroelectric crystal. A crystalline substance characterized by a state of lower 
symmetry consisting of two interpenetrating sublattices with equal but opposite 
electric polarization, and a state of higher symmetry in which the sublattices are 
unpolarised and indistinguishable (McGraw-Hill & Parker 2003). The 
antiferroelectric Smectic-C* phase has alternating directions of the spontaneous 
polarization and molecular tilt, in adjacent layers (Fisch & Kumar 2011). 
Birefringence. Splitting of light into two components with different planes of 
polarisations as a result of different refractive index in optically anisotropic media, 
such as protein crystals, where it can be detected with the aid of a polarizing 
microscope (Rupp 2009). 
Blue phases. A class of soft-matter thermotropic photonic liquid crystals. 
They include the smectic and re-entrant nematic phases in compounds with a large 
longitudinal permanent dipole moment and/or chirality, resulting from the 
competition between chiral forces and packing topology. Their Bragg reflections are 
in the visible range and blue wavelengths; and the colour indicates a spatially periodic 
structure with lattice parameters of several hundred nanometers (Grelet 2003; 
Hekimoglu & Conn 2003). 
 
Body-centered. A lattice or unit cell with a centering vector. Possible in tetragonal, 
orthorhombic and cubic lattices (Rupp 2009). 
Bragg equation. Fundamental relation between lattice spacing of reflecting lattice 
planes of a crystal structure and the diffraction angle of an X-ray reflection (Rupp 
2009). 
Bragg reflection. An X-ray diffraction spot or discreet reflection fulfilling the Bragg 
equation (Rupp 2009). 
Calamitic mesogen. A rod-like mesogen (molecule) (Neubert 2011; Goodby 2012). 
 
Cholesteric phase. The state of a liquid crystal in which chiral molecules are 
arranged in layers with their long axes in the plane of each other. The molecular twist 
extends in a single direction (Grelet et al. 2001; edu.photonics.com). Also referred to 
as the chiral nematic (N*) phase.  
Chiral molecules. Molecules which are not superposable with their mirror images 
(McGraw-Hill and Parker 2003). Mesophases comprising chiral molecules 
(mesogens) are denoted with a star* (Fisch & Kumar 2011). 
Chiral space group. Space groups that can act on a chiral motif (or mesogen) and 
contain no mirror operations or inversions. Sixty-five of the 230 space groups are 
chiral (Rupp 2009). 
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Dielectric material. Also known as dielectric. A material which is an electric 
insulator or in which an electric field can be sustained with a minimum dissipation of 
power (McGraw-Hill & Parker 2003).  
Diffraction. Any redistribution in space of the intensity of waves that results from the 
presence of an object causing variations of either the amplitude or phase of the waves; 
found in all types of wave phenomena (McGraw-Hill & Parker 2003). 
Dislocation. A defect occurring along certain lines in the crystal structure and present 
as a closed ring or a line anchored at its ends to other dislocations, grain boundaries, 
the surface, or other structural feature (McGraw-Hill & Parker 2003). 
Double Twist Cylinder mesogens within a blue phase which have average 
orientation twisted in both directions perpendicular to the director (Grelet et al. 2001). 
Environmental DNA (eDNA). The term encompasses the DNA within any 
environment, of viral and biotic origin, that has disassociated from its originator 
species; including excreted faeces, saliva, urine, shed cells and extracellular DNA 
(e.g. Jiang & Paul 1995; Hewson et al. 2012). eDNA decomposition-rate is 
influenced by biological, physical and chemical processes (Dejean et al. 2011; 
Hewson et al. 2012). Short DNA fragments degrade more slowly and are better-
detected than long fragments using DNA barcoding and optimised PCR assays 
(Dejean et al. 2011). Detection probability depends on the species density and on the 
ratio between the DNA released by the organism and the DNA degraded by 
environmental factors (Dejean et al. 2011).  
 
Face-centered. Lattice or unit cell centering with (Bravais) centering vector. Possible 
in orthorhombic and cubic lattices (Rupp 2009).  
Ferrielectric phases. Intermediary states between the ferroelectric to the 
antiferroelectric phase are collectively known as the ferrielectric phases. The opposed 
tilts are not equal in number, but are in a sequential order, e.g. two layers with 
molecules tilting to the left followed by one to the right, with a repeat of this 
sequence. The formation of the ferrielectric phases appears to be chirality driven 
(Goodby 2012). The ferrielectric Smectic-C*phase has an uneven number of layers 
stacked with tilt to the left and right (Fisch & Kumar 2011). 
Ferroelectricity. Spontaneous electric polarisation in a crystal; analogous to 
ferromagnetism (McGraw-Hill & Parker 2003). 
Ferroelectric materials. Dielectric materials with domain structure, which exhibit 
spontaneous electric polarization (Walker, 1990). The ferroelectric Smectic-C* phase 
exhibits spontaneous polarization of each layer pointing in the same direction (Fisch 
& Kumar 2011). 
Form chirality. Chirality associated with the bulk organization of molecules. This is 
usually manifested in the form of helical macrostructures, such as in the case of the 
smectic C∗ phase (Goodby 2012). 
 
Grain boundary. An interface between individual crystals in a polycrystalline solid 
(McGraw-Hill & Parker 2003) or polycrystalline liquid. 
 
Histopathology. A branch of pathology that deals with tissue changes associated 
with disease (McGraw-Hill & Parker 2003). 
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Iridescence (defined for use herein). Visible light reflected and refracted in a single 
iridescent colour by viral photonic liquid crystals (PLCs), when illuminated by 
polychromic radiation, such as sunlight. Viral PLCs that self-assemble once charged, 
may produce a photonic band-gap, excluding all but a single sub-wavelength colour 
in the absence of strong birefringence. The iridescent colour may be retained from 
multiple viewing angles, enhanced by lasing via dislocations, other defects or smectic 
gaps in the liquid crystal. Compare opalescence 
Isotropic. Directionally independent, uniform (Rupp 2009).  
Lasing. Generation of visible or infrared light waves having very nearly a single 
frequency by pumping or exciting electrons into a high energy state in a laser 
(McGraw-Hill & Parker 2003). 
Liquid crystal. A type of material that possesses less geometrical regularity or order 
than normal solid crystals, and whose order varies in response to alterations in 
temperature and other quantities. Liquid crystals are characterised by phase varieties, 
including nematic, cholesteric and smectic. The optical properties of liquid crystals 
are familiar from their use in displays, known as LCD’s (edu.photonics.com).   
Mesogen (or Motif). An atom, entire molecule, part of a molecule, or oligomer made 
up of a relatively small number of repeating units (or unit cells), from which recurring 
structure or pattern arises (McGraw-Hill & Parker 2003; Rupp 2009).  
Mesogenic unit. A component of a molecule that induces a mesomorphic or liquid 
crystalline phase. Also known as mesogen (McGraw-Hill & Parker 2003). Herein, 
virions are the mesogenic units. 
Mesophase. A mesomorphic liquid crystal phase, such as the Isotropic, Chiral 
nematic and Smectic-C phases. The simultaneous presence of several mesophases is 
known as polymorphism (Neubert 2011).   There is an order of transition between 
liquid crystal mesophases, which includes re-entrant phases (Neubert 2011). Also 
known as a space group (Rupp 2009).   
Morbidity.  The ratio of a number of sick individuals to the total population of a 
community (McGraw-Hill & Parker 2003). 
Motif. see Mesogen 
Nematic phase. A phase of a liquid crystal in the mesomorphic state, in which the 
liquid has a single optical axis in the direction of the applied magnetic field, appears 
to be turbid and to have mobile thread like structures, can flow readily, has low 
viscosity, and lacks a diffraction pattern (McGraw-Hill & Parker 2003). 
Opalescence (defined for use herein). Multiple iridescent colours resulting from 
birefringence. The colours present simultaneously within a transparent medium or 
colloidal system when illuminated by polychromic radiation. Compare iridescence 
Photonic band-gap. A range of ‘forbidden’ frequencies; whereby photons with 
energies lying the band-gap cannot propagate through the medium (Yablonovitch 
1993; Joannopoulos et al. 1997).  
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Photonic crystal. Two- or three dimensional, ordered, subwavelength lattices that 
control the propagation of light in the manner atomic crystals control electrons 
(Parker & Martini 2006). 
 
Reflection. The return of waves or particles from surfaces on which they are incident 
(McGraw-Hill & Parker 2003). 
 
Smectic-A. A subclass of smectic liquid crystals in which molecules are free to move 
within layers and are orientated perpendicular to the layers (McGraw-Hill and Parker 
2003).  
Smectic-B. A subclass of smectic liquid crystals in which molecules in each layer are 
arranged in a close-packed lattice and are oriented perpendicular to the layers 
(McGraw-Hill & Parker 2003). 
Smectic-C. A subclass of smectic liquid crystals in which molecules are free to move 
within layers and are orientated with their axes tilted with respect to the normal layers 
(McGraw-Hill & Parker 2003). 
Smectic phase. A form of the liquid crystal (mesomorphic) state in which molecules 
are arranged in layers that are free to glide over each other with relatively small 
viscosity (McGraw-Hill & Parker 2003). 
Thermotropic. Temperature determines the phase of thermotropic materials (Walker, 
1990). 
Twist boundary. A boundary between two crystals that differ in orientation by only 
a few degrees, consisting of a series of screw dislocations (McGraw-Hill & Parker 
2003). 
Twist Grain Boundary phases. Blocks of pure smectic material separated by 
parallel, regularly spaced grain boundaries, formed by a periodic array of screw 
dislocations. The dislocation arrangement allows helical twist. In TGB phases (TGBA 
and TGBC) the frustration is relieved by the presence of defects (Grelet et al. 2003; 
Goodby 2012).  
 
Unit cell. The smallest unit (having full available symmetry) from which the lattice 
can be generated by translations (Eisenberg & Crothers 1979). 
 
 
 
 
 
 
 
 
xv  
 
 
Acknowledgements 
There are many people and organisations that have made significant contributions 
throughout my candidature and aided me in the pursuit of knowledge to assemble this 
thesis. I would like to acknowledge them here: 
 
I am grateful for financial support provided by the Holsworth Wildlife Research 
Endowment (ichthyoplankton & virus research), Australia and Pacific Science 
Foundation (virus research), Deakin University’s Centre of Integrated Ecology (virus 
research) and the Glenelg Hopkins Catchment Management Authority 
(ichthyoplankton research). I would also like to acknowledge that the instrument-time 
using the electron microscopes at Australian Animal Health Laboratories (AAHL) in 
Geelong, was partially supported by the Australian Microscopy and Microanalysis 
Research Facility (AMMRF) student Travel and Access Program (TAP). My work 
was also supported through a Deakin University Postgraduate Award.  
 
Sincere thanks to Paul and Yvonne Jones and Wayne Rogers who contributed to 
developing the multi-depth zooplankton/larval fish sampler. Thanks to V. Roennfeldt, 
B. Smith, C. Mitchell, D. Evans, P. Stapleton, W. Keane, S. Gleeson, M. Gleeson, A. 
Hastie, T. Skewes, A. Lautenschlager, P. Jones, A. Pope, J. Barton, D. Iervasi and 
particularly D.M. Newman and B. K. Smith who were there to brave the estuaries 
and/or ocean; to give me assistance during fieldwork (during developmental stages 
and/or sampling trips). Thanks to D. Mills, C. Magilton, K. Martin, D. Wearne and L. 
Meggs helped me out with administration and technical support and J. Monk for 
assistance with map generation. To J. Obst and K. Cheeseman (GHCMA) thanks for 
providing additional data on Hopkins River estuary hydrodynamics. 
 
I thank K. Swadling, I.A.E. Bayly and G. Newton for providing initial anecdotal 
accounts of colour absence and description of the natural appearance of Gladioferens 
pectinatus; R. Walsh and P. Tyler, who gave accounts of atypical colours in 
freshwater copepods, and B. D. Mitchell for useful historical accounts of atypical 
blue colours in freshwater copepods. A. Payne provided useful information on IIVs.  
 
xvi  
 
Particular thanks to A. Hyatt and S. Crameri and the Australian Animal Health 
Laboratories (AAHL, CSIRO) Geelong, who initially verified iridovirid-infection in 
copepods, and provided subsequent support. Thank-you David Boyle and Dieter 
Boulach for virus sequencing and sequence-annotation; Hans Heine and Nick Moody 
for TaqMan primer and probe design and for developing molecular assays. I am 
grateful to Jean Payne, Jenni Harper and the Histology Department, and particularly 
Alex Hyatt, Sandra Crameri, Clare Holmes and Andrew Leis from the Imaging 
Laboratory at AAHL; for their imaging expertise and assistance throughout this 
study, which produced such high quality images. Thanks again Alex for coordinating 
the research at the AAHL, and to Eric Hanssen at Bio21, Melbourne University, for 
providing the ZoopIIV [HR] 3D particle reconstructions and the set of orthoslices. I 
also thank T. Williams, A. Hyatt and the ICTV who provided advice for naming 
ZoopIIV [HR] and an associated nomenclature system.  
 
Special thanks to the specialist laboratory support provided by A. Miskiewicz (larval 
fish taxonomy) and K. Swadling (zooplankton taxonomy); and for general technical 
assistance by C. Mitchell (diseased zooplankton enumeration) and Z. Robertson 
(larval A. butcheri enumeration).  
 
Thanks to I. Suthers (UNSW), J. Young (CMAR) and K. M. Swadling (UTAS) who 
enabled and oversaw my inclusion in the RV Southern Surveyor National Facility 
Next Wave voyage ss2010-t03; and P. Brodie, B. Harris and S. Payne who provided 
on-board laboratory assistance. K. Swadling assisted with additional zooplankton 
identification and encouraged my attendance at the 2009 AusCPR Zooplankton 
Taxonomy workshop and along with G. Hosie (AAD) also enabled optical 
exploration of iridovirid infection in Antarctic mesozooplankton. 
 
I am grateful to Deakin University for supporting my work and a deviation in 
research direction during my PhD following the discovery of zooplankton viruses.  
Specifically I thank my primary supervisors P. L. Jones and T. G. Matthews, who 
always saw the importance in my work and discovery; and I appreciate the earlier 
supervision support from L. Laurenson, D. Ierodiaconou and S. Conron (Fisheries 
Victoria).  
 
xvii  
 
Thank you to the lunch crew: Alex, Jess, Agnes, Jac, Vin, et al. for all of the laughs 
over the past few years; and Dave, Michelle, Leon and Kate for your provoking 
conversations and big picture thinking! Special thanks to my wife Verity and our 
children; Ashleigh, Charles and Amber. With the solid support of my immediate and 
wider family members; David, Lily, Mary, Shaun, Jas, Rita, Matt, Carmen, Shane, 
Sue, Ted, the Keane’s and the Dilley’s, I have forged ahead with this new, exciting 
and necessary research.  
 
Finally, I thank my thesis examiners for their valuable time, comments and 
suggestions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
1  
 
CHAPTER 1 
 
General introduction 
The ocean covers approximately 70% of Earth’s surface area and contains nearly 99% 
of its habitable volume; thus ecosystem services disrupted in the ocean will have 
large global consequences (Hassan et al. 2005). Widespread viral epizootics in 
subclass Copepoda (Crustacea) may contribute to such an effect (sensu Munn 2006; 
Dunlap et al. 2013; Daase et al. 2013). However, the identification of viruses of the 
mesozooplankton and development of assays and methods for determining the effects 
of zooplankton viruses remains in its infancy.  
As the most abundant metazoans on Earth and as the major grazers in freshwater and 
marine food webs, copepods provide a critical energy-pathway to higher trophic level 
consumers, and have significant roles in global nutrient and gas cycling, and carbon 
transferral, assimilation and sequestration via their sinking faeces and carcases 
(Turner 1984; Longhurst, 1991; Gaughan 1992; Huntley & Lopez 1992; Williams et 
al. 1994; Gaughan & Potter 1995; Galliene & Robins 2001; Turner 2004; Hays et al. 
2005; Hernandez-Leon & Ikeda, 2005; Heath 2005; Juul-Pedersen et al. 2006; 
Buesseler et al. 2007; Schminke 2007; Richardson, 2008; Bron et al. 2009, Bron et al. 
2011; Møller et al. 2011; Rakhesh et al. 2013). Thus, copepods, as the dominant 
mesozooplankton (size range: 0.2-20 mm) within their marine (pelagic and coastal) 
and freshwater realms, provide critical ecosystem services worldwide; and the 
provisioning services of these aquatic biomes drives the global economy (Costanza et 
al. 1997). 
The sustainability of most fisheries is almost solely dependent on copepods. As small 
nutritious prey, copepods support the meso- and epi- pelagic forage fishes and most 
importantly, the copepodivorous larval stages of fishes globally; including 
commercial, recreational and culturally important species (Thayer et al. 1974; Turner 
1984; Young & Davis 1990; Gaughan 1992; Huntley & Lopez 1992; Young 1992; 
Williams et al. 1994; Gaughan & Potter 1997; Turner 2004; Heath 2005; Sampey et 
al. 2007; Richardson 2008; Bron et al. 2009; Voss et al. 2009; Coyle et al. 2011; Bi et 
al. 2011). Additionally, copepods are important prey of krill fisheries (Pauly et al. 
1998); and the exclusive prey of larval Antarctic krill Euphausia superba in the 
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critical winter period, when larval E. superba survival and growth determine 
subsequent recruitment to the fishery (Meyer et al 2009; Töbe et al. 2010). In turn, 
high densities of Antarctic krill have also, as prey, supported Southern Ocean 
mammals and fisheries; however, significant multidecadal declines in the Krill 
population have occurred (Atkinson et al. 2004). Over the same period, copepod 
populations in the North Atlantic also declined (Pitois & Fox 2006).  
In 1901, Jenkins pointed out that the plankton forms the sole food supply for our most 
important food fishes, and that variation in fisheries production is connected to 
variation in the copepod constituents of the plankton (Huntley & Lopez 1992). Thus, 
strong copepod populations are correlated with positive fisheries recruitment, and 
vice-versa (e.g. Cushing 1990). Furthermore, the timing and maintenance of strong 
copepod reproduction and population densities, just prior to larval fish “first-feeding” 
and throughout their early life stages, is important; and poor-synchrony results in 
reduced fisheries recruitment (Hjort 1914; Cushing 1990; Beaugrand et al. 2003).  
Copepod population declines and suppressed densities resulting from hosting viruses, 
prior-to and during spawning periods, could therefore reduce recruitment in fisheries 
via a “bottom-up” effect; and perhaps impact the overall function of aquatic 
ecosystems.  
 
Fisheries provide significant food sources for humans and farmed aquatic and 
terrestrial animals (Omori 1978; Hassan et al. 2005; Pauly et al. 2005; Tacon & 
Metian 2008; Smith et al. 2010). However, marine fisheries are now significantly 
depleted and exploited, and 68% of marine fish stocks worldwide require rebuilding 
(Pauly et al. 1998; Cooke & Cowx, 2004; Pauly et al. 2005; Worm et al. 2009; Ye et 
al. 2013).  
The reduction in fisheries may be attributed to many factors, including: over-
harvesting with increasing demand, degradation of freshwater and marine systems 
(including alien species introduction), pollution, aquaculture expansion, climate 
change, habitat microbialization and infectious diseases (e.g. Harvell 1999; Daszak, 
et al. 2000; Daszak et al. 2001; Jackson et al. 2001; Hassan et al. 2005; Essbauer & 
Ahne 2001).  Oceanic changes associated with climate variability and increasing 
temperature, which modifies copepod population structure, mean mesozooplankter-
size, abundance and distribution, in turn impacts fisheries recruitment and nutrient 
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and carbon cycling (e.g. Beaugrand et al. 2003; Hays et al. 2005; Pitois & Fox, 2006; 
Richardson 2008; Beaugrand et al. 2010; Lankov et al. 2010; Coyle et al. 2011; Dam 
2013; Rhakesh et al. 2013).  
The oceans absorb large quantities of the greenhouse gas CO2 (37 000 Gt; Falkowski 
et al. 2000), and since the beginning of the 19th century are estimated to have taken 
up ~ 50% of fossil fuel emissions and ~30% of all anthropogenic emissions, thereby 
reducing the build-up of CO2 in the atmosphere (Danovaro et al. 2011). Over one-
third of organic carbon in the ocean is cycled through the mesozooplankton 
(Hernandez-Leon & Ikeda, 2005), and copepods as a vital food source sustain the 
world’s key wild and cultured fin-fish stocks (Bron et al. 2009; Bron et al. 2011). 
Therefore, the combined effects of environmental conditions and infectious disease 
that reduce and suppress mesozooplankton populations, may limit the: 
 a) C-cycling and sequestering capacity of organic-C by mesozooplankton (e.g. 
Frangoulis et al. 2005) and the ‘potential-maxima’ of proficient biogeochemical 
cycling,  
b) Rebuilding of fisheries; 
c) ‘Potential-maxima’ for biologically-bound organic-C flux laterally (in an 
ecosystem context; e.g., copepod-C→fish & krill-C→higher & lower trophic levels), 
outward (e.g., copepod-C→wild & cultured fisheries-C→terrestrial consumers) and 
downward in sequestered zooplankton faeces, eggs & carcases (as particulate organic 
carbon).1 
 Viral infection in marine phytoplankton and bacteria results in the ‘viral shunt’ of 
carbon and nutrients away from higher trophic levels (Suttle 2007). The carbon 
retained in surface waters is photo-oxidized and respired; remaining in chemical 
equilibrium with the atmosphere rather than undergoing sequestration to the deep 
ocean as particulate organic matter (Suttle 2007).  
Suppression of mesozooplankton densities, arising from inadequate environmental 
conditions and infectious disease, may therefore contribute to increase the rate of CO2 
build-up in the atmosphere and climate change.  A viral shunt of carbon from the 2nd 
trophic level (during epi- and panzootic events in the mesozooplankton), may be 
exacerbated by flux reductions in biologically-bound organic-C [pathways described 
                                                         
1 → denotes “transferred to”  
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in c)]; and suppression of mesozooplankton populations (which may vary 
temporally).  
 
Aquatic viruses as pathogens of phytoplankton and bacteria- in particular, are known 
for their important role as ecosystem engineers and drivers of global climate change 
(Fuhrman 1999; Breitbart et al. 2002; Suttle, 2007; Middelboe et al. 2008; Danovaro 
et al. 2011). However, viruses in the mesozooplankton, specifically in the Copepoda, 
may also have a significant impact; yet consideration of zooplankton viruses is 
largely an entire missing link within plankton-virus, fisheries-ecosystem, 
biogeochemical-cycling and climate change interaction models.  
Viruses are proposed to contribute to unexplained mortality in mesozooplankton 
(Daase et al. 2013). Known causes of mortality in copepod populations include 
factors such as predation, starvation and increasing temperature (Hirst & Kiørboe 
2002; Daase et al. 2013). However, unexplained copepod mortality, which can range 
frequently between 25 and 90%, may be attributed to viral infection (Hirst & Kiørboe 
2002; Dunlap et al. 2013; Daase et al. 2013).   
Estuaries as highly productive coastal environments are estimated to provide 
ecosystem services that support ~12% of the global economy (Constanza et al. 1997), 
and their mesozooplankton communities are dominated by copepods- in terms of 
individual abundance and biomass (Thayer et al. 1974; Gaughan & Potter 1995; 
Newton 1996; Rissik & Suthers 1996; Gaughan & Potter 1997; Mouny & Dauvin 
2002; Froneman 2004; Rakhesh et al. 2013). Estuarine copepod populations provide 
significant services in biogeochemical cycling and energy transferral, and the habitat 
and copepod-prey conditions provided therein are utilised by hundreds of fish species 
collectively, throughout one or more of their life stages (e.g. Potter et al. 1990; Beck 
et al. 2001; Rakhesh et al. 2013). Estuarine systems are the interface of freshwater 
and marine ecosystems; therefore their physicochemical parameters and pelagic zone 
structure can undergo significant rapid or gradual spatial change (Perissinotto et al. 
2010; Chaalali et al. 2013). Water temperature and salinity, in particular, are critical 
parameters that directly impact copepod size, reproduction, respiration, 
osmoregulation and metabolism; and thus their estuarine positioning (e.g. Bayly 
1965; Mauchline 1998; Hall & Burns 2002; Chaalali et al. 2013). Increased 
occurrence of extremes and long-term changes in water temperature and salinity, are 
impacting temperate estuarine zooplankton without optimal aquatic habitat or refuge 
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water, and re-structuring mesozooplankton communities. Therefore estuaries and 
their copepod populations may be useful for understanding the wider impacts of 
infectious viruses in the mesozooplankton with climate changes associated with 
global warming, including successional effects to aquatic ecosystems and fisheries. 
Invertebrate Iridescent viruses (IIVs) are members of family Iridoviridae that can 
provide an avenue for understanding effects of infectious viruses in natural 
invertebrate populations. This is possible because IIV infection sites in hosts can 
become visible with advanced levels of infection; which are invariably lethal 
(Williams 2008). Infected tissue may become visible when efficient IIV-replication 
has produced a super-abundance of virions, which self-assemble into parachrystalline 
structures that reflect and diffract iridescent light; typically in violet, blue or green 
colour (Williams 2008). It was iridescence that resulted in Claude Rivers discovering 
the first IIV in Crane fly (Tipula spp.) larvae (Xeros 1954) and since, iridescence has 
exposed a wide range of invertebrate hosts (typically insects and terrestrial isopods) 
with advanced stages of infection from aquatic (freshwater, estuarine, marine) and 
damp-terrestrial environments (Williams 1996; Wijnhoven & Berg, 1999; Williams et 
al. 2005; Tang et al. 2007; Chinchar et al. 2008; Williams 2008; Hyatt et al. 2009; 
Jancovich et al. 2012; Karasawa et al. 2012; Roennfeldt unpublished data).  
Iridescent infections in host-populations have also revealed relationships between 
environmental conditions, disease development and host density, which is reviewed 
by Williams (1996; et al. 2005). There are to my knowledge, only two reports of 
iridovirid infections in crustacean mesozooplankton: iridovirids of mesozooplankton 
were first described infecting a freshwater Daphnid, Simocephalus expinosus, in 
Florida (USA) (Federici & Hazard, 1975) and the copepod Boeckella triarticulata 
from Lake Burley Griffin, Australia, in early 1977 (Gibbs & Mayer 1980). 
Subsequent experiments by Gibbs & Mayer (1980) with iridovirid infected B. 
triarticulata, revealed reduced longevity and very high host mortality under moderate 
experimental temperature (20°C; Gibbs & Mayer 1980). However since then, 
iridovirids of mesozooplankters and their potential implications for host-populations 
have remained somewhat cryptic to science. 
In 2007, while studying ichthyoplankton, I first observed infection by a Zooplankton 
Invertebrate Iridescent virus (ZoopIIV) in the dominant copepod Gladioferens 
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pectinatus (Brady) of the Hopkins River estuary in Victoria, Australia. Thereafter, 
infections in many mesozooplankters, mainly copepods, were similarly observed.  
The ZoopIIV infections were detectible because infection-sites (host tissue and 
organs) within transparent copepod hosts typically reflected iridescent blue and/or 
turquoise-green colour from viral photonic liquid crystals which extended throughout 
the entire host with advanced stages of infection (Chapter 2). Opalescence too was 
later determined as indicative of ZoopIIV [HR] infections (Chapter 5) and each 
characteristic of infection was validated using electron microscopy (EM); and later 
with quantitative PCR, following assay development.  
The thesis begins by describing the subsequent work on ZoopIIV [HR], and includes: 
discovery and descriptions of viral blue phase liquid crystals within copepods, which 
produced the iridescent colour that enabled infection detection and host-population 
analysis; virus characterisation using DNA sequence from the major capsid protein, 
and co-development of optical and TaqMan qPCR assays for its detection, monitoring 
and research; description of virion ultrastructure; histopathology of host adult G. 
pectinatus; ZoopIIV infection-ecology in Hopkins River estuary copepods with 
respect to temperature and salinity and, investigation into distribution of ZoopIIV 
[HR]’s and host-range throughout many freshwater, marine and estuarine ecosystems. 
The aim of this thesis is to document the above findings made between 2007 and 
2013. This is achieved as a series of chapters; each a quite separate study continuing 
from the theme of the previous chapter.  
ZoopIIV [HR] as described herein, is the first iridovirid identified in copepods using 
molecular techniques and one of the first viruses reported from subclass Copepoda 
(Crustacea) globally. The findings of the thesis are intended to provide a platform for 
further research into the “visually quantifiable” impacts of zooplankton viruses in 
aquatic ecosystems.  
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CHAPTER 2 
 
Smectic blue phases of iridoviruses in copepod hosts 
2.1 Abstract 
 An optically isotropic iridescent Smectic blue phase (BPSmiso), which arises from 
superabundant iridoviruses within diseased tissue in transparent copepods is 
presented. The fibrillated icosahedral virions (x̄ dia = 165 nm; cryo) organized into 
Smectic blue phases; typically comprising cholesteric-calamitic mesogens. Thin 
section analysis of an entirely iridescent blue copepod revealed various local 
monodomains and smectic phases that existed simultaneously, including: Twist Grain 
Boundary-C blocks and BPSmC* phases, tilt-grain boundaries and blue phase lattices; 
while Smectic blue phase platelet textures were observed throughout hosts. 2  Despite 
local phase variation host optical isotropy indicated long-range smectic order, which 
was retained across a wide thermal range. Further, host oedema resulted in an 
osmotic-colour-transformation, which immediately altered the observed narrow band. 
This is the first description of icosahedral viruses producing Smectic blue phases 
naturally in vivo, which includes some dipolar BPSmC* phases that will also interest 
those advancing blue phase technologies and theory. Most importantly, by 
understanding conditions required to maintain viral Smectic blue phases within hosts, 
diagnostic assays can be developed for assessing the effects of iridoviruses in the 
zooplankton populations that drive aquatic ecosystems and fisheries.
                                                         
2 Chiral phases are denoted by * 
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2.2 Introduction 
Photonic crystals may be simply defined, as two- or three dimensional, ordered, sub-
wavelength lattices that can control the propagation of light in the manner that atomic 
crystals control electrons (Parker & Martini 2006). They are materials patterned with 
a periodicity in dielectric constant, which can create a range of ‘forbidden’ 
frequencies called a photonic band-gap and, photons with energies lying in the band-
gap cannot propagate through the medium (Yablonovitch 1993; Joannopoulos et al. 
1997). A photonic band-gap is a multidirectional ‘stop band’ that prevents light 
propagation in all dimensions of space across a frequency range, differing to a true 
‘stop band’ which only prevents light propagation in a single direction (Yablonovitch, 
1993). In a photonic crystal, the periodic ‘potential’ is due to a lattice of macroscopic 
dielectric media instead of atoms (Joannopoulos et al. 1997). If the dielectric 
constants of the constituent media are different enough, Bragg scattering off the 
dielectric interfaces can produce many of the same phenomena for photons as the 
atomic potential does for electrons (Joannopoulos et al. 1997).  
Importantly, light can be described as a wavelength (λ) or as a frequency (ω) in 
electromagnetic oscillations per unit of time, and has typical length scales of λ = 400-
1000 nm corresponding to frequencies ω = 3-7.5 THz (THz= 1012 s-1) (Bechger, 
2003). Thus, the exploitation of this relationship has opened up opportunities for 
developing and advancing photonic crystal technologies.  
Blue phases (BPs) are a class of soft-matter thermotropic photonic liquid crystal 
(PLC) which have recently attracted much research attention due to their unique 
optoelectric and photonic properties, and potential for advanced technological 
applications such as self-assembling tunable photonic materials and fast-light 
modulators- e.g. Blue Phase Displays (Kikichi 2008; Kitzerow 2009; Karatairi et al. 
2010; Coles & Morris 2010; Henrich et al. 2010). Thus new research information on 
blue phases developed for technological applications is presented, for comparison to 
the naturally occurring blue phases of iridovirus liquid crystals within copepod hosts. 
 Blue phases are frustrated phases (a class of materials that also includes several 
smectic and re-entrant nematic phases in compounds with large longitudinal 
permanent dipole moment and/or chirality) resulting from the competition between 
chiral forces and packing topology (Hekimoglu & Conn 2003). The phases are named 
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‘blue’ due to their Bragg reflections in the visible range (and therefore also in the blue 
wavelengths), and the colour indicates a spatially periodic structure with lattice 
parameters of several hundred nanometers (Grelet 2003). Important BP characteristics 
include, a narrow stable temperature range (generally), optical isotropy, three-
dimensional order, and frustration (Kikichi 2008). BP structures appear to good 
approximation, as calamitic (rod-like) mesogens with a network of topological line 
defects, which provide stability and three dimensional orientation; they may resemble 
wood-pile and scaffold structures (Cao et al. 2002; Karatairi et al. 2010; Ravnik et al. 
2011). The BPs of chiral molecules provide spectacular examples of soft solids that 
form a spontaneously occurring network of disclination lines within a cholesteric 
background (Henrich et al. 2010). BP structures involve a twist of the director 
(average molecular orientation), and are referred to as the ‘cholesteric phase’ when 
the twist extends in only one direction, and ‘double twist’ when twisted in both 
directions perpendicular to the director (Grelet et al. 2001). BPs of cholesteric liquid 
crystals are thermodynamically stable, modulated phases in the temperature interval 
that occurs between the isotropic fluid and the helical cholesteric phases (Cao et al. 
2002).  
The well-known BPs: BP III*, BP II* and BP I*, are observed with decreasing 
temperature between the isotropic (I) and chiral nematic (N*) phases (Coles & 
Pivnenko 2005; Karatairi et al. 2010). In addition, the temperature interval for 
formation of stable neat blue phases has been narrow (0.5-2.0°C); however new 
techniques involving artificial doping with polymers or natural bimesogenic 
compounds can considerably widen the thermal range by up to 100°C (e.g. Coles & 
Pivnenko 2005; Kitzerow 2009; Coles & Morris 2010; Karatairi et al. 2010; 
Taushanoff 2011). Furthermore, with an applied external electric field, stabilised BPs 
for technological application (e.g. Blue Phase LCD’s) can now reflect multi-colour 
across the spectrum of visible light (Yamomoto et al. 2005; Coles and Pivnenko 
2005) by manipulating the lattice symmetry (Henrich et al. 2010).  
Flexoelectricity is the result of polar alignment that happens when a sample is bent or 
flexed – i.e. “polarization induced by distortion” (Taushanoff 2011). Stable blue 
phases with larger than normal temperature ranges (excluding polymer- or 
nanoparticle-stabilized materials), invariably involve non-traditionally shaped 
mesogens, which display molecular biaxiality and/or larger flexoelectric constants 
(Taushanoff 2011). Importantly, in the smectic-C* phases physical properties such as 
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ferro-, ferri- and antiferroelectricity, plus electroclinism, and secondary properties 
like pyroelectricity and electrostriction influence the local environment and phase 
symmetry (Goodby 2012; also see Fisch & Kumar 2011). Between virus particles, 
short range forces also include electrostatic (repulsive), steric (repulsive), van der 
Waals (attractive), and depletion (attractive) interactions (Juhl et al. 2006). To add, 
‘saddle-splay’ energy is important in stabilizing the symmetry of curved Smectic blue 
phase structures against uniform layered structures (DiDonna & Kamien, 2002). 
Many of these forces are herein visibly-evident as important in determining the 
symmetries of ZoopIIV [HR] Smectic blue phases in vivo, which is later presented.  
Structurally, the symmetry of BP III* is amorphous with a local cubic lattice in the 
director field, whereas BP II* and BP I* have a fluid three-dimensional periodic 
structure in the director field with simple cubic and body-centred cubic symmetry 
respectively (Coles & Pivnenko 2005; Taushanoff 2011). Conversely, for the new 
Smectic blue phases, BPSm1* and BPSm2* unit cell symmetry may deviate 
significantly from cubic classical BPs, depending on the smectic phase from which it 
transitioned (Kikichi 2008).  
 The BP I* and BP II* have an incomplete photonic band-gap throughout all three 
dimensions and produce lattice periods of the order of the wavelength of visible light, 
which give rise to selective Bragg reflections leading to photonic applications such as 
three-dimensional BP lasers (Cao et al. 2002; Coles & Pivnenko 2005; Coles & 
Morris 2010). 
BPI and BPII exhibit 3D order with λ periods of up to 500 nm (Hekimoglu & Conn 
2003); and a change in the lattice parameter during BPI–BPII transition, increases the 
λ periodicity to  maximise at ~ 500 nm, which reflects green light (Coles & Pivnenko 
2005). A BP colour change, for example from blue to green, may be induced by 
electrostriction which stretches the lattice along one axis (Taushanoff, 2011). 
Kitzerow (2009) provides excellent information on BPs and electrostriction.   
Recently, Pansu et al. (2000) by analysing the optical symmetry of the Smectic blue 
(BPSm) phases, found they are new and original chiral phases; which has led to much 
research and development for technological applications (Grelet et al. 2001; Grelet et 
al. 2002; Hekimoglu & Conn 2003; Grelet 2003; Yamomoto et al. 2005).  
BPSm phases are new mesophases of thermotropic liquid crystals, which exhibit a 
double geometrical frustration: the extension of chirality in three spatial dimensions 
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like the classical blue phases, and helical twist competing with smectic order, as in 
the Twist Grain Boundary phases (Grelet 2003). Contrary to classical blue phases, 
BPSm phases exhibit quasi-long-range smectic order and, at the same time, three-
dimensional orientational order (Grelet et al. 2002). The smectic order correlates with 
the orientational three-dimensional order of the unit cell, thus BPSm phases exhibiting 
particular symmetries are enhanced in some directions (Grelet et al. 2002). The 
structure of the BPSm orientational unit cell can be determined by X-ray diffraction 
and crystal faceting; TEM for particle analysis, and polarizing microscopy for 
colour/phase and texture analysis (e.g. Yamamoto et al. 2005; Kikichi 2008; 
Taushanoff 2011).  
BPSm symmetry occurs at two different length scales (smectic order and unit cell), 
however, a complete physical model for BPSm phases is yet to be proposed (Grelet 
2004). 
Unit cell symmetry varies between cubic and hexagonal for the BPSm
1 phase, 
depending  on a transition from either of the Twist Grain Boundary Phases TGBA or 
TGBC  (they are subsequently labelled BPSmA
1 or BPSmC
1 respectively, to indicate the 
symmetry obtained through transition) (Grelet 2004; Kikichi 2008).  BPSm
2 unit cell 
symmetry varies between hexagonal, orthorhombic (Pansu et al, 2000; Grelet et al. 
2001; Grelet et al. 2002; Grelet 2004; Hekimoglu & Conn 2003) and spherical 
(Yamomoto et al. 2005). To add, BPSm
3 is found in highly chiral compounds and 
typically appears as a foggy bluish substance due to Bragg scattering (Grelet et al. 
2002; Hekimoglu & Conn 2003; Kitzerow 2009); it has an amorphous structure with 
the same macroscopic symmetry and random-order as the isotropic phase (Kikichi 
2008). Finally, the transition of phases is also important to PLCs due to subsequent 
changes to the optical effect. In one notable study, Li et al. (1997) observed the 
following phase sequence: TGB-BPSm
1-BPSm
2-BPSm
3-Isotropic, without any 
intermediate cholesteric state between the TGB and BPSm phases (Grelet et al. 2002). 
BPSm
1 and BPSm
2 are clearly distinguishable by their characteristic platelet textures 
and are often visually striking, appearing iridescent violet, blue or turquoise-green 
(Hekimoglu & Conn 2003; Yamomoto et al. 2005; Grelet 2003; Kitzerow 2009; 
Taushanoff 2011). Smectic platelets may also be termed ‘dielectric mirrors’ which 
can achieve 100% reflection efficiency. Indeed smectic platelets develop throughout 
host-copepods with ZoopIIV [HR] BPSm
iso phases, and are later presented. The blue 
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colour of the BPSmA
1, BPSmC
1, and BPSm
3 phases originates from their optical activity; 
this can only be seen in absence of high birefringence (Grelet 2004). BPSm
2 however, 
may be optically anisotrophic and appear in shades of grey to black, due to 
birefringence (Grelet et al. 2001; Grelet 2003; Grelet 2004). Notably, stablized BPs 
can now produce a variety of textures and colours, such as red and yellow (e.g. 
Taushanoff 2011; Coles & Morris 2010). Grelet (2003) and Taushanoff (2011) 
provide detailed descriptions of smectic platelets. The current chapter will include 
description of ZoopIIV [HR] BPSm platelets in vivo.   
In addition to the unique smectic platelets, blue phases have a somewhat unique 
ability, in comparison to other liquid crystals, to form monodomains with facets that 
resemble crystal shapes (Grelet et al. 2002; Kitzerow 2009); and by analysing the 
monocrystal facet symmetry the orientational unit cell symmetry can be determined 
(Grelet 2004). 
Recently, a BPSm was developed by Yamomoto et al. (2005) which has optical 
properties of relevance to the ZoopIIV [HR] BPSm apparent in host copepods. 
Yamamoto et al. (2005) developed an iridescent liquid crystal that produced a new 
optically-isotropic Smectic blue phase (BPSm
iso). The BPSm
iso spontaneously exhibited 
an optically isotropic but uniformly iridescent colour; and automatically acquired 
spherical symmetry, so that the associated photonic band-gap maintained the same 
symmetry despite the local liquid crystalline order (Yamomoto et al. 2005). 
Importantly, the phase exhibited the simultaneous presence of finite local-order 
parameters of helices and smectic layers, without any discontinuity on a mesoscopic 
length scale (Yamamoto et al. 2005). In addition, the BPSm
iso characteristically 
exhibited completely uniform iridescent colour under a polarizing microscope 
without any type of macroscopic pattern or texture, which was retained from any 
direction, proving a completely isotropic optical property (Yamamoto et al. 2005). 
Similarly, classical blue phase modifications that nucleate from the cholesteric phase 
when external fields are absent are optically and dielectrically isotropic (Kitzerow 
2009). 
Viruses, because of their monodispersity and well-characterized interparticle 
interactions, continue to be the best experimental system for exploring hard-rod phase 
behaviour theory (Dogic & Fraden 2006). Viruses, with their structural proteins and 
bound nucleic acid, provide a symmetrical spatially-defined chemistry and 
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monodisperse size and mass; ideal for developing optical materials (Juhl et al. 2006). 
Consequently, the molecular properties of viruses such as length and charge, and their 
macroscopic properties and phase behaviour have been exploited to genetically 
engineer viruses that produce new colloidal self-assembling materials, for use in 
technologies such as biosensors and transducers (Dogic & Fraden 2006; Liu et al. 
2012). 
Liquid crystals composed of rod-like viruses designed in vitro, produce the same 
phases as thermotropic liquid crystals: including the isotropic, nematic, cholesteric, 
smectic-A, smectic-C and crystalline phases (Grelet & Fraden 2003; Dogic & Fraden 
2005). Further, filamentous viruses, such as Tobacco Mosaic-Viruses (TMV) and the 
bacteriophage fd Inovirus and its mutants, have also been utilised to develop in vitro 
smectic phases (Dogic & Fraden 1997; 2005).  
   Ionic strength, pH and temperature are factors now well-known for their important 
role in virion formation and DNA encapsulation, and in self-assembly of viral liquid 
crystals (Keum et al. 2011; Liu et al. 2012). Experiments with fd in colloidal liquid 
crystalline suspensions have revealed ionic strength (NaCl in particular) as one of the 
major physical parameters controlling mesogen chirality and the cholesteric pitch 
(Grelet & Fraden 2003), and chirality is a necessary condition for the appearance of 
blue phases (Kitzerow 2009). Notably Dogic & Fraden (1997) found a cholesteric-
smectic phase boundary in suspensions of fd - a charged, flexible and chiral virus, 
which formed an iridescent smectic phase with increased virus concentration. Virus 
particle-concentration is highly important in phase development (Liu et al. 2012). 
 Naturally occurring iridovirus BPs, although not previously recognised to their Class 
or applicability to developing current BP technologies and BPSm theory, also certainly 
present across many invertebrate iridescent viruses and hosts.  Historical descriptions 
of are given for liquid crystalline structures in vivo and from experiments using virus 
suspensions in vitro: descriptions include virus arrays, long-range forces, in vitro 
smectic platelet textures (Williams & Smith 1957; Klug et al. 1959; Smith & Hills 
1959; Williams et al. 2005; Juhl et al. 2006), and the host colour, ‘Bragg’ reflection 
and associated iridescence (Williams 2008) that are consistent with the 
aforementioned qualities of BPs. Furthermore, the smectic phase is easily recognized 
by the bright iridescence it exhibits when illuminated by white light (e.g. as formed 
by fd virus; Dogic & Fraden 2005). Certainly, Smectic blue phases have been 
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observed but not recognised to occur in vivo, as indicated by calamitic mesogens and 
smectic structures that are apparent in host invertebrate thin section micrographs 
presented from previous studies: for example, Figure 3 in Tang et. al. (2007) and 
Figures 15 & 16 in Hemsley et al. (1994); and in vitro within Tipula Iridescent Virus 
(TIV) pellets (Figure 2 - in Williams & Smith 1957). Further, there are many 
micrograph examples available in historical publications. Juhl et al. (2006) 
investigated Wiseana iridescent virus (WIV) particles in vitro for potential photonic 
crystal application, and concluded that WIV virion symmetry, extreme 
monodispersity, precise surface functionalization, tethered surface chains (chemically 
cross-linked fibrils) and low surface-charge, may lead to superior control of optical 
properties of their assembled arrays. The PLCs of iridoviruses, since their first 
discovery, have been used to detect advanced infection within invertebrate hosts and 
host-populations (Xeros, 1954; Williams 1996; Wijnhoven & Berg, 1999; Williams et 
al. 2005; Tang et al. 2007; Williams 2008; Karasawa et al. 2012). However, 
published information appears absent with regard to the stability of iridovirus 
mesophases in vivo under various sample preservation and holding conditions- for use 
as colorimetric-type assays in host-population analysis using light microscopy.  
Photonic liquid crystals belonging to the Class known as Smectic blue phases are 
described herein, perhaps for the first time in vivo and in biology. Although BPSm 
phases may develop in many invertebrates which host iridoviruses, hitherto they 
remained somewhat unrecognised to their Class.  
This chapter recognises and describes BPSm phases within copepods hosting the newly 
discovered Hopkins River Iridescent virus (ZoopIIV [HR]; Iridoviridae); and relates 
literature from the evolving field of BP technology with descriptions of PLCs formed 
by other icosahedral and rod-shaped viruses.  
Iridovirus BPs could be utilised in colorimetric assays to analyse impacts in host 
zooplankton populations and their dependent fisheries and ecosystems, provided 
appropriate protocol can be developed in which iridovirus BPs are preserved or 
enhanced during sample collection, storage and analysis. This in vivo study 
investigates ZoopIIV [HR] Blue phases within host copepods, to primarily:  
1) Confirm the existence of blue phases by investigating their mesophases with 
electron microscopy and,  
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2) Discuss physiochemical parameters with potentially important roles in stabilising 
or enhancing in vivo viral blue phases. Thus protocols for mesozooplankton sampling 
and sample storage may be further-developed and optical and molecular assays 
optimized, to enable accurate estimation of ZoopIIV infection and morbidity in hosts 
and host-populations. 
2.3 Methods 
Iridescent blue Gladioferens pectinatus were selected from zooplankton samples 
directly after capture from the upper Hopkins River estuary and maintained alive in 
clean brackish water (S 15-25; differed between individuals and capture depths) 
pumped from the capture depth-location, at 16-20°C. Each copepod was imaged by 
light microscopy, then fixed in 2.5% glutaraldehyde (v/v) in Sorenson’s phosphate 
buffer for 40 min followed by 3x 20 min rinses in the above buffer, postfixed in 
buffered 1% (w/v) osmium tetroxide (1 h), washed in reverse osmosis water (4 x 5 
min), dehydrated in graded ethanol (20 min each) and embedded and polymerised in 
Spurr’s resin. Ultrathin sections were cut and double stained in lead citrate and uranyl 
acetate. Grids were examined in a JEOL JEM-1400 transmission electron microscope 
at an accelerating voltage of 120 kV. 
Images were captured with a Canon PowerShot G6 7.1mp camera coupled to a Stemi 
2000C dissection compound microscope and a Z16 APO A stereo Leica 
MacroFluoTM microscope fitted with a Leica DFC400 camera. An Olympus TL2 light 
source fitted with a halogen 6V, 15w GZ4 Philips globe (type 13528), was used in 
diseased tissue illumination during all imaging and analysis. 
Isotropic iridescent blue colour indicated an intact copepod epidermis and cuticular 
integument, thus G. pectinatus with isotropic blue colour was used to investigate 
BPSm phases in vivo.  In analysing photonic liquid crystals (PLCs), the macroscopic 
and microscopic colour and texture of phases is utilised to determine mesophases and 
transitional stages (e.g. Kumar 2001; Taushanoff 2011; Grelet 2004; Coles & 
Pivnenko 2005), therefore host-copepod colour-appearance was important to this 
investigation. Mesophase structural descriptions from literature for comparison with 
copepod blue phases, included: smectic-C* with spontaneous polarisation orientation 
(Coles & Morris 2010; Fisch & Kumar 2011; Goodby 2012; Figure 2.4.1); Twist 
Grain Boundary phases and BP transition (Li et al. 1997; Grelet 2004; Kitzerow 
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2009); tilt-grain boundaries and curved-smectic models (DiDonna & Kamien 2003); 
and unit cell symmetry (Eisenberg & Crothers, 1979; Kitzerow 2009; Rupp 2009).  
 
2.4 Results and Discussion 
Microscopic analysis of host copepods exhibiting Smectic blue phases 
Copepods with a General (across the entire animal) or Local infection at an advanced 
stage (i.e., apparent superabundance of virions), exhibited BPSm1 and BPSm2 platelet 
textures (Figure 2.4.1). The BPSm platelets may be macroscopic and also clearly 
viewed under a dissection microscope due to their size, putative high reflection 
efficiency, and in vivo lasing. The size of the smectic platelets was also found to 
differ between hosts (Figure 2.4.1); with larger platelets often evident in hosts 
subjected to oedema, suggesting a relationship with ionic concentration. The smectic 
platelet textures of BPsm
1 and BPSm
2 were invariably observed throughout copepods 
hosting the BPSmiso phase (Figure 2.4.1; top), indicating the simultaneous presence of 
smectic mesophases. Furthermore, the BPSm mesophases remained intact during resin 
embedment prior to thin section analysis (shown in Figures 2.4.7 - 2.4.12). In 
addition to the copepod study, an investigation of insects with obvious poor health, 
revealed the presence of smectic platelet textures within blue and apparently diseased 
tissue (Appendix 1; Plate 4). Thus BPSm platelet textures may also be used as 
confirmation of infection by iridoviruses in other invertebrates.  
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Figure 2.4.1 Host Gladioferens pectinatus displaying Smectic blue phase platelet textures 
within the liquid crystal of ZoopIIV [HR].  
Live (top) and fresh-deceased (bottom) specimens; Bar 1 mm. Leica Macrofluo images (see Methods)  
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One of the principle characteristics of living organisms is that the concentration of 
substances inside the membrane that separates their environment is different from the 
outside concentration, which can give rise to substantial osmotic pressure (Eisenberg 
& Crowthers 1979). Osmotic regulation is integral to the life of G. pectinatus (Brand 
& Bayly 1971) and many copepod species; and for G. pectinatus, environmental 
water temperature and salinity interact to determine its estuarine distribution (Bayly 
1965; Chapter 4 herein). Furthermore, temperature-salinity interaction is important to 
other estuarine and coastal copepod species (Mauchline 1998).  An important aspect 
of this study was observing oedema in copepods; which frequently resulted in 
swelling of the body tissue which usually exploded through the exoskeleton with 
advancing osmotic pressure (Appendix 1). The osmotic phenomenon was common in 
osmoregulating copepods sampled from marine and estuarine environments 
(particularly when captured at depth and retrieved through a lower salinity gradient) 
and therefore is important to understand; particularly for designing quantitative PCR 
and colorimetric assays specific to analysing copepod iridoviruses in vivo. Oedema in 
G. pectinatus was evident soon after capture during analysis, evidently as a result of 
ionic concentration differences between the internal host environment and its 
surrounding water, and a temperature-change may have added to the pressure-effect. 
Oedema altered the photonic band-gap and resulted in BPSm
iso colour change from 
iridescent blue to iridescent turquoise-green (Figures 2.4.2 & 2.4.3). The change is 
typical of a BPI-BPII transition and alteration of the lattice parameter (Taushanoff 
2011; Coles & Pivnenko 2005; Hekimoglu & Conn 2003), and was also evident in the 
smectic platelet textures of ZoopIIV [HR] (Figure 2.4.1). At the point of cuticular 
rupture the infected tissue locally appeared grey or black (Figure 2.4.2), which is 
characteristic of a phase transition to the non-reflective anisotropic BPSm
2 (see Grelet 
2002; 2004). Interestingly, with manual copepod cuticle rupture, droplets of ZoopIIV-
infected body fluid that had separated from the host were observed to maintain the 
iridescent BPSm
2 (~500 nm; turquoise). 
Simple, equal scattering of all spectral wavelengths results in the observation of a 
diffuse white effect- commonly arising from non-periodic arranged and dispersed 
colloidal matter, where the different materials involved have different refractive 
indices (Parker & Martini 2006). Following host oedema, sections of the copepod 
displayed iridescent pearly-white colour caused by light “scatter” (Figure 2.4.2). The 
“scatter” is likely to result following a ZoopIIV [HR] BPSm - nematic phase transition 
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(see Goodby 2012; Taushanoff 2011) with host colloidal matter including tissue 
degraded following rapid osmosis (a process observed in both infected and non-
infected copepods). However, with more gradual copepod oedema, the phase 
transition (to perhaps an N* phase) can appear in hues of iridescent cream (with 
additional scatter), orange, or pink, indicating nematic order (Figure 2.4.4). The 
colour changes may also indicate an increase in virion size with osmosis (discussed in 
Chapter 3).  Taushanoff (2011; p 47) in analysing a blue phase chiral dopant mixture, 
also found the growth of white crystals following transition from a hazy sky blue 
phase during cooling; and in another blue phase mixture, a BP- crystal transition 
occurred following a 0.6°C temperature reduction which produced pink crystals. 
Structures resembling solid crystal phases are apparent in copepods (particularly in 
ZoopIIV [HR] host populations) and other micro-Crustacea; they may indicate 
iridovirus infection and warrant further attention.  
 The appearance of copepods exhibiting BPSm phases, indicated that long-range 
optically isotropic smectic phases can simultaneously exist in the host, and that ionic 
changes within the internal fluid (e.g., following oedema) are important in 
determining and stabilising/or destabilising the BPSm
iso phase and observed 
narrowband (Figures 2.4.2, 2.4.3 & 2.4.4). The combined effects of pH and ionic 
strength impact the assembly of viruses and DNA (Keum et al. 2011). Further, ionic 
strength is an important influence on the electrostatic interactions that produce self-
assembly of virus coat proteins and their liquid crystal structures (Keum et al. 2011; 
Liu et al. 2012). For example, in Cowpea Chlorotic Mottle virus, pH determines the 
degree of ionization of protein residues, and ionic strength directly affects the 
electrostatic interaction of viral coat proteins (Liu et al. 2012). Further, smectic 
phases form in fd virus suspensions with alteration of ionic concentration (Dogic & 
Fraden 2005; 2006). To add, virus morphology can be altered with manipulation of 
temperature, ionic strength and pH (Liu et al, 2012) and subtle changes in virus 
morphology can influence phase development (i.e. Dogic & Fraden 2005; 2006). 
Notably, electrostatic interactions and ionic variation effects to virus phase transition 
are complex, and pose theoretical challenges (e.g., in rod-shaped viruses: Dogic & 
Fraden 2006).   
Interestingly, Farmer (1980) found that hyporegulation by the marine copepod 
Acartia tonsa, produced a transepithelial electrical potential of -9.97 ±1.0 mV, 
indicating Na+ was regulated out of electrochemical equilibrium; and Wiseana 
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Iridovirus particles in water exhibited an almost identical negative surface charge     
(-10.0 mV) (Juhl et al. 2006).  
Most biopolymers such as fd virus, actin, DNA and microtubules are negatively 
charge-stabilized colloids under physiological pH conditions (Dogic & Fraden, 2005). 
Negative charged viruses repel each other under neutral conditions due to the 
existence of two metal-binding sites per protein subunit for divalent metal cations 
(Liu et al. 2012). Therefore, in the virus and cation system, multivalent ions can 
condense onto virus surfaces and neutralize most of their charges, thus reducing 
repulsion and increasing their attraction, which leads to self-assembled ordered and 
tightly packed structures (Dogic & Fraden 2005; Liu et al. 2012).  
For example, Mao et al. (2010) demonstrated that calcium absorption to the surface of 
the anionic bacteriophage M13, generated electrostatic self-assembled viral structures 
(Liu et al. 2012). Indeed, to obtain ‘filled’ capsids (i.e., coat proteins + nucleic acid), 
theoretical models indicate that a balance of electrostatic interactions is necessary, 
achieved by modulation of the ionic strength (Keum et al. 2011); which is apparently 
important in seasonal infection development in osmoregulating hosts of iridoviruses, 
and is a required area for further study (e.g. Chapter 4). Furthermore, and 
importantly, ‘charge-stabilized’ colloids, including viral-colloids, can have their 
lattice parameter colour-tuned just by altering the ionic strength (Vos et al. 1997; 
Grelet & Fraden 2003). Therefore, because ZoopIIV [HR] smectic structures within 
host copepods are charge-stabilized- as indicated by their optically isotropic BPSm and 
naturally polarized local smectic-C* mesophases (presented hereafter), 
osmoregulation by copepods is undoubtedly important in producing the smectic 
phases and long-range forces that determine the iridescent narrowband observed 
(Chapter 4). In addition, the ionic composition of host body fluids (e.g. haemolymph, 
secretory fluids, and cytoplasm) is probably important to phase development. 
Notably, the major cations in seawater: sodium, magnesium, calcium and potassium 
(in approximate order of decreasing concentration) (Engel 1963), may be important in 
the self assembly of iridovirus BPs in aquatic crustaceans. Metals from soils, such as 
iron oxides, also bond-to virions of Iridovirus and other non-insect viruses and 
provide particle structural stability while host-free (Christian et al. 2006), indicating 
many metal types may be potentially important in the “life-cycle” of viruses and in 
construction of their phases in vivo. 
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Studies have investigated colour-change by invertebrate iridoviruses in vitro, which 
also provide interesting and relevant information. For example, Klug et al. (1959) 
using in vitro purified suspensions of Tipula Iridescent virus to create monocrystals, 
found the colour was reversible between turquoise-violet and violet-turquoise with 
drying and rehydrating respectively, and the preferred phase reflected turquoise 
colour (which is typical to the blue phases). In addition, Juhl et al (2006) made 
similar observations of colour/phase transition with iridovirus-pellet hydration and 
dehydration. Further, insect hosts of Iridovirus also undergo in vivo colour changes 
throughout the visible range (from violet through to red), which are attributed to an 
increased virion size (between genera) and interparticle spacing (Hemsley et al. 1994; 
Williams et al. 2005; Williams 2008); while Wijnhoven & Berg (1999) observed 
isopod colour change with Iridovirus infection, host hydration and desiccation, and 
oedema prior to mortality. The in vitro iridovirus colour-change studies indicate a 
degree of structural robustness for virions and their mesophases, with ionic change to 
the medium (also discussed with respect to ZoopIIV [HR] in (Chapter 3).   
The Smectic phase is easily recognized by its bright iridescence (Dogic & Fraden 
2007) and indeed in copepods hosting ZoopIIV [HR] it can indicate advanced 
infection, however, the preliminary stages of infection- which may be less obvious, 
are also apparent using light microscopy. For example, a preliminary-stage General 
infection of ZoopIIV [HR] in copepods resembles descriptions for the “blue fog” 
phase BPIII (Figure 5.4.2; Chapter 5); which has a short-range orientational order 
(Grelet 2004; Kitzerow 2009). Furthermore, ‘opalescence’ as observed and defined 
for this study, is indicative of preliminary-stage iridovirus infection (perhaps 
indicative of BPSm
2; and a chiral nematic phase), which will be later presented. 
Although currently underway, there is much validation work required to determine 
the earliest detectible infection stages by iridoviruses in copepods using visual 
assessment. 
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Figure 2.4.2 BPSm colour change from Iridescent blue to iridescent turquoise following 
cuticular rupture and progressive oedema in host Gladioferens pectinatus.  
The cuticle rupture-location appears grey or black (arrows) and most frequently occurs between the 
cephalosome and first pedigerous somite (across species) - the appearance is typical of anisotropic 
BPSm
2 (Grelet, 2004). Fresh-deceased specimens.  
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Figure 2.4.3 Advanced localised ZoopIIV [HR] infection blue phases apparent as iridescent 
blue (BPSm1) and iridescent turquoise-green (BPSm2) in sections of the antennae of Gladioferens 
pectinatus. 
 BPSm
1 (blue iridescence) and transition to BPSm
2 (turquoise iridescence) with osmosis (i.e. ionic 
change) which evidently alters the photonic band-gap; dismembered copepod eye spot (orange tissue); 
BPSm platelets are present throughout. Segments of the antennal appendage, have encapsulated the 
liquid crystal within (see also the urosome in Figure 2.4.4). Unfixed, fresh-deceased male
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Figure 2.4.4 Colour indication of a BPSm- nematic* phase transition across the prosome of 
Gladioferens pectinatus undergoing progressive oedema.  
The urosome (U) has retained its Smectic blue phase (blue arrows) - apparently unaffected by any 
osmotic change in the prosome (P); the gradual phase transition is observable with a slow yet 
progressive oedema. Colour indicates mesogen and lattice elongation is likely to occur, as the “twist” 
unwinds (in the direction of the dashed arrow) and alters the cholesteric pitch with osmosis and ionic 
change (see Dogic & Fraden 1997; & Kitzerow 2009). The proposed nematic phase displays 
iridescence and colour, and is suggested to retain some chirality (N*), until chirality is lost (N) and the 
phase becomes white in appearance due to transmitted-light scatter (also refer to Figure 2.4.2 for 
comparison between copepods). Image taken under dissection microscope. 
 
 
Figure 2.4.5 General ZoopIIV [HR] infection in the early development stage in Gladioferens 
pectinatus resembles BPIII (the blue fog phase). 
BPIII lacks characteristic defect textures and any birefringence colour (i.e. as found in the chiral 
nematic phase; see Taushanoff 2011). Live female carrying eggs; displaying food and a faecal pellet in 
the alimentary canal, and several large oil droplet stores.  
N*(indicated by   
iridescence/colour) 
U 
P 
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Analysis of ZoopIIV [HR] Smectic blue phases within an optically isotropic host 
copepod using TEM:  the ultrastructural confirmation of blue phases 
Connection between chirality at the molecular scale and the macroscopic chiral 
structure of liquid crystalline phases is not yet understood, and the elaboration of a 
rigorous statistical theory for the chiral interaction is one of the greatest challenges in 
the physics of liquid crystals (Grelet & Fraden 2003). Further, Smectic blue phase 
symmetry occurs at two different length scales- the smectic order and unit cell (Grelet 
2004). However, a complete physical model of the BPsm phases has not been 
proposed. Indeed, the Smectic blue phases are unique and relatively new to physics 
(Pansu et al. 2000), and so-too the antiferroelectric and ferrielectric smectic-C* 
phases (Fisch & Kumar 2011). Thus, for this investigation, the BPs were only 
structurally identified from host thin sections without application of mathematical 
formulae. Thin section analysis indicated that the biophysical host environment has 
added an additional level of complexity, resulting in the simultaneous presence and 
interaction of several mesophases; which under in vitro conditions may not be 
possible. The ZoopIIV [HR]-infected host used for phase analysis is shown in Figure 
2.4.6. 
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Figure 2.4.6 Gladioferens pectinatus with a median-advanced level (near lethal) ZoopIIV [HR] 
infection used in analysis of the BPSmiso phase. 
Live female in brackish estuary water (T~19°C), before preparation for thin sectioning; BPSm1 platelets 
present throughout the host. 
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Thin section micrographs revealed a dielectric medium within the host, as indicated 
by ZoopIIV [HR] virions self-assembled into Smectic blue phase structures (Figures 
2.4.7 & 2.4.8). Furthermore, true to blue phase systems, stable phases with 
polarization and inter-phase interaction indicated a frustrated smectic* defect system 
(Figures 2.4.7 & 2.4.8). Importantly, defects such as disclination lines and smectic 
gaps, strengthen blue phases (DiDonna & Kamien 2002; Coles & Pivnenko 2005; 
Taushanoff 2011); and defects incorporated into PLCs influence the optical effect 
(Joannopoulos et al. 1997). To add, in vivo biological defects are undoubtedly 
included. 
Remarkably, ferroelectric, antiferroelectric and ferrielectric BPSmC* phases were 
apparent in vivo (Figures 2.4.7 - 2.4.11). These smectic phases reveal polarization, 
and interaction with neighbouring mesophases and defects (Figure 2.4.7). One of the 
noteworthy aspects of the ferroelectric smectic-C* phase, is its non-zero (bent) 
spontaneous polarization (Fisch & Kumar 2011); which results in flexoelectricity 
with distortion (Taushanoff 2011). Interestingly, antiferroelectric smectic-C* phases 
have a “zero” average tilt angle and spontaneous polarization, and a strong electric 
field is required to switch it to the ferroelectric phase (Fisch & Kumar 2011). 
Polarization for the smectic-C* phases is presented in Fisch & Kumar (2011; Figure 
1.10), and Goodby (2012; Figure 8) is useful for cross-referencing with in vivo 
ZoopIIV [HR] BPSmC* phases. Notably, Goodby (2012) also describes ferrielectric 
transitional phases presenting between the ferro- and antiferroelectric smectic-C* 
phases; and a theoretical transitional phase, known as the ‘Devils Staircase’.  
When liquid crystal molecules are chiral, the twisted structure competes with 
spatially uniform liquid crystalline orders, resulting in a variety of modulated liquid 
crystal phases such as the cholesteric blue phase, twist grain boundary (TGB) and 
Smectic blue phases (Yamomoto et al. 2005). Interestingly, thin section micrographs 
revealed the simultaneous existence of smectic phases which included TBGC (smectic 
blocks) and SmC* blue phases, alongside cross-hatched BP lattices (Figures 2.4.7 & 
2.4.8). Cross-hatching in BP lattices indicate various symmetries in their design; 
while the BPSmC* and TGBC phases reveal their distinct smectic gaps and an isotropy 
influenced by frustration (Figures 2.4.7 & 2.4.8). Cholesteric ZoopIIV [HR] 
mesogens are single twist structures, commonly associated with the Cholesteric phase 
(aka chiral nematic phase); however, because mesogens maintain their cholesteric 
form within the smectic-C* phases, they may be new BPSmC* single-twist phases. To 
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add, the cross-hatched BP lattices (i.e. with biaxial mesogens) appeared to transition 
with the cholesteric- BPSmC* phases, as indicated by disclination lines (Figures 2.4.7 
& 2.4.8). Phase transition may occur in Sm-C* phases with mesogen elongation 
(reduced chirality) under the presence of two director fields (e.g. in Figure 2.4.8). 
Further information on transition between mesophases for classical and smectic BPs 
are reviewed by Kitzerow (2009). 
The simultaneous presence of many blue phase structures in vivo is unique compared 
to experimental in vitro studies: experimental in vitro BPs undergo transition 
successionally with, for example, a temperature change, addition of dopant or 
modification of the BP mixture, or application of an external electric field to modify 
BP lattices and manipulate chirality. Indeed, it is unknown how mesophases- such as 
the TGBC, BPSm* and BP lattices, exist simultaneously within the copepod host, or 
which biophysical factors are most important to phase formation and transition, and 
transitional order.  Although, combined factors such as temperature, ionic 
composition and concentration (which influence pH), and biopolymer/virion 
concentrations in the dielectric medium of the host are probably quite important at 
both local and macroscopic scales. 
Finally, in vivo mesophases are likely to continually interact, transition, bend and flex 
within the dielectric medium of the host- particularly the spontaneous polarizing 
BPSmC* phases, with temperature fluctuation and host movement. For example, with 
movement during muscle contraction and haemolymph pumping, which leads to the 
displacement and replacement of body fluids; and probably contributes in producing 
energies such as piezo-, heliel- and flexo-electricity (e.g. Marganti & Sharma 2009; 
Fisch & Kumar 2011; Goodby 2012), which contribute to stabilize the BP 
narrowband. Notably, the haemolymph pumping and associated-movement within the 
host, including displacement of BP mesophases (macroscopically indicated by 
smectic platelet movement) within copepods is observable under bright field light 
microscope. However, it is clear that many complex interacting forces act within host 
copepods exhibiting optical isotropy, as indicated by the many in vivo mesophases 
and BP-system defects (also discussed for smectic-C* phases by Goodby 2012). 
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Mesogen chirality, symmetry and virion design 
The existence of a quasi-long range smectic order in BPSm phases breaks the cubic 
symmetry of classical blue phases (Grelet 2003); and therefore smectic order is 
generally incompatible with cubic symmetry (DiDonna & Kamien 2003). Although 
further analysis is required to determine three dimensional structural symmetries of 
the ZoopIIV [HR] Smectic blue phases and BP lattices which produce optical 
isotropy (e.g. Figure 2.4.2), some indication of lattice symmetry was evident in 
micrographs (sensu Eisenberg & Crothers 1979). Several lattices and mesophases 
indicate a cubic symmetry (Figures 2.4.7 & 2.4.8), however, the more predominant 
BPSmC* phases comprised mesogens with differing levels of chirality between them, 
thus producing several possible unit cell symmetries (Figure 2.4.12); which may be 
either primitive or centred (Eisenberg & Crothers 1979; Rupp 2009). The effects of 
lattice elongation and chirality effects to symmetry are explained in Eisenberg & 
Crothers (1979), Kitzerow (2009) and Rupp (2009).  
The ZoopIIV [HR] virion 165 nm (x̄ dia.) structure with attached fibrils ~54 nm 
(chapter 3), together with its uniform icosahedral shape and biopolymer structural 
composition, undoubtedly plays an important role in electrostatic interaction and 
mesophase formation (Chapter 3). The ZoopIIV [HR] proteinaceous fibrillated capsid 
is internally lined by a hydrophobic lipid layer which in-turn encapsulates strands of 
viral DNA (Chapter 3); thus providing an ideal dielectric medium for the biopolymer 
motifs of in vivo Smectic blue phases. For example, DNA itself forms LCs when 
concentrated (e.g. in a sperm head) (Davidson et al. 1988), thus the iridovirus virion 
is structurally a liquid crystal within a biopolymer capsid. The ZoopIIV [HR] virion 
structure is similar to virions of other members of its family, Iridoviridae (Ackerman 
& Berthiaume 1995; Jancovich et al. 2012). Thus, the similar iridescence between 
invertebrate hosts of iridoviruses (e.g. Williams 2008), are likely to result from 
similarity between their motif structures (virions) and the BP mesophases they form; 
and the conditions within the host in which they do so (e.g. host fluid pH, temp, ionic 
concentration, virion/ biopolymer concentration) may also be similar. To add, the 
Smectic blue phases remained stable across a wide natural temperature range in vivo, 
from ~2°C when copepods were held in an ice slurry, to 29°C in the estuary and 
>30°C in the laboratory. Temperature change during sample holding conditions 
perhaps may have resulted in phase transition resulting in reduced or improved 
optical properties of the ZoopIIV [HR]  BPs, however further investigation is 
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required. Additionally, the virion fibrils also probably contribute towards the 
electrostatic stabilizing of BPSm phases and in regulating short-range forces (i.e. 
inter-virion spacing). 
 
 
Figure 2.4.7 ZoopIIV [HR] Smectic blue phases and BP lattices within the female reproductive 
system of Gladioferens pectinatus (shown in Figure 2.4.6).  
Many lattice and smectic-C* phase designs are simultaneously present. Monodomains locally display 
varying symmetry, including facets and a dislocation boundary (white arrow). BPSmC* phases with 
antiferroelectric (Sm-C* anti) and ferrielectric (Sm-C* ferriel) polarisation, which include defects and 
apparent phase transitional stages. Grain boundaries are indicated (blue arrows); BPSm phases with 
disclination lines indicate phase transition (T); and BPI lattices with various “cross hatching” and 
symmetries (L) - not all are indicated. Muscle tissue cells (M) and midgut cells (G) are indicated.  
Notably, the SmC* phases can be determined by their polarization characteristics, as described by 
Fisch & Kumar (2011): The ferroelectric Sm-C* phase exhibits spontaneous polarization of each layer 
pointing in the same direction; the antiferroelectric Sm-C*phase has alternating directions of the 
spontaneous polarization and molecular tilt, in adjacent layers; and the ferrielectric Sm-C*phase has an 
uneven number of layers stacked with tilt to the left and right.  
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Figure 2.4.8 Blue phases of ZoopIIV [HR] in vivo displaying many lattice designs and smectic 
phases simultaneously within the oviduct of Gladioferens pectinatus (host from Figure 2.4.6).  
BP cross-hatched lattices of varying design (L); Sm-C* in phase transition to Sm-B; probably with 
cubic symmetry (small circle); Smectic structure (large circle) with disclination lines, indicating phase 
transition (T) - notably within one of the faces.  A tilt-grain boundary (blue arrow); and TGBC phase in 
transition- revealing the larger form chirality (i.e. Goodby 2012) within the blue phase defect system. 
Notably, the host-medium that appears less electron-dense and surrounds the mesophases, reveals the 
mesophase virion/biopolymer catchment area (which extends in three dimensions) prior to mesophase 
self-organization; with the occurrence of naturally-occurring electrostatic interaction “attraction” 
forces. An oocyte (O) is also indicated. 
Many monodomains evidently develop, resulting from interactive forces of chirality and frustration, 
and defects within the BP system. Within mesophases the smectic gap and mesogen width remain 
uniform, but may differ considerably between mesophases.  Biaxial mesophases (two directors) are 
common; as indicated in the cross-hatched BP lattice designs, which may also indicate their unit cell 
symmetry. 
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Figure 2.4.9 BPSmC* phases within the BP defect system of a copepod.  
Antiferroelectric (Sm-C* anti; outlined) and ferrielectric (Sm-C* ferriel) smectic C* phases  
 
Sm-C* (anti) 
Sm-C* (ferriel) 
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Figure 2.4.10 BPSmC* phases within the BP defect system of a copepod.  
A possible Double twist cylinder (DTC) within a Twist Grain Boundary-C (TGBC); and a ferrielectric 
SmC* phase (Sm-C* ferriel) are indicated.  
Sm-C* (ferriel) 
TGBC DTC 
Sm-C* 
Sm-C*(ferriel) 
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Figure 2.4.11 BPSmC* and TGBC phases within the BP defect system of a copepod  
(For acronym meanings see Figures 2.4.7 & 2.4.8). Grain boundaries define neighbouring phases. 
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Figure 2.4.12 ZoopIIV [HR] smectic mesophases and mesogen unit cell symmetry.   
Mesogen designs vary according to the level of chirality which varies between monodomains. 
Hexagonal (h), orthorhombic (o), and cubic (BPSm
1) unit cell structures are proposed- for future 
analysis. Due to weak chirality in mesogens, most BPSmC* phases which may initially appear cubic are 
suggested to have a hexagonal unit cell symmetry (e.g. phase indicate top right corner). Smectic 
dislocation (arrow) and a proposed smectic curved structure (X) (see DiDonna & Kamien, 2003) are 
indicated.  
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‘Opalescent’ colours and textures indicate iridovirus infection in copepods 
Preliminary work herein, has also found ‘opalescence’ to indicate an earlier stage of 
infection by iridoviruses in copepods, initially using G. pectinatus. Opalescence is 
perhaps the copepod equivalent of covert iridovirus infection in less transparent hosts 
(e.g. Williams et al. 2005; Williams 2008). Bechger (2003) defines opalescence: “If 
in addition to Iridescence, random scattering takes place (e.g. due to imperfections), 
the constructive interference is called opalescence”.  Examples from nature include 
mother-of-pearl (Haleotid) shell and opal gemstone. Similarly, broadband reflector 
systems in animals reflect light in opalescent multi-colour (Parker & Martini 2006; 
Seago et al. 2009), and in various liquid crystals ‘opalescence’ arises from the chiral 
nematic phase (e.g. Goodby 2012, Figure 3) due to a similar photonic crystal 
structure and birefringence. Although BPSm phases with an optically isotropic 
iridescent narrowband were the most obvious indication of iridovirus infection in 
copepods, opalescence was observable at various intensities within the pedigerous 
somites of many species, both live and formaldehyde-fixed (e.g. G. pectinatus; 
Figures 2.4.13 – 2.4.15). Importantly, opalescence was observed within many 
freshwater, estuarine and marine copepod species. Anatomical locations which were 
frequently opalescent, included the epidermis, or an organ; for example, within the 
sizeable female reproductive system (Figure 2.4.15). Additionally, iridescence has 
been observed to highlight organ infection in other zooplankton, which in other 
specimens developed throughout the entire animal. Notably, the in vivo opalescent 
colours and phase-textures may also resemble those of BPSm
2 (See Figure 8; 
Yamomoto et al. 2005; Taushanoff 2011). Further examples are provided in Chapter 
4. Subsequent analysis using negative contrast EM and homogenised G. pectinatus 
displaying opalescence within the pedigerous somites, found all ‘opalescent’ copepod 
homogenates to contain iridoviruses, and virion enumeration revealed low 
abundances in comparison to the virion superabundances in BPSm
iso copepod-
homogenates (Chapter 5). To add, in homogenates comprising copepods without 
opalescence or iridescence, virions were undetected by negative contrast EM 
(Chapter 4). While anatomical structures are known to produce iridescence in some 
zooplankton (Parker 1995), the presence of iridoviruses within copepod hosts 
produced a definable iridescence and opalescence. Thus together, phases that produce 
opalescence and iridescence may be utilised in detecting infection by iridoviruses 
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within hosts, enabling stages of infection-development throughout host-populations to 
be analysed. 
Notably, during this research, live marine and estuarine copepod species (including 
G. pectinatus) exhibiting blue phases were isolated directly after capture for later 
analysis; however the iridescence disappeared and was replaced by opalescence- 
indicating a phase change and/or degradation of the viral liquid crystal (Chapter 4). 
Conversely, preliminary analysis of Antarctic calanoid copepod samples that were 
formaldehyde (5%) fixed and held under refrigeration, indicated BPs can be upheld 
for several years within hosts, and probably longer; the stable holding temperature 
and adequate fixation/storage solution were undoubtedly important. Noticeably, the 
best preserved BPs in Antarctic copepods throughout time, were those encapsulated 
within the appendages; they appeared iridescent turquoise (as in G. pectinatus; Figure 
2.4.3). However, over-time when removed from stable refrigeration conditions and 
held under fluctuating room-temperatures, BPs disappeared. Importantly, the 
combination of virus concentration and ionic strength, directly influences phase 
development and the cholesteric pitch (Dogic & Fraden 2005; Liu et al. 2012). Thus 
ionic concentration, virus concentration, pH and temperature-variability, probably 
influence the stability of iridovirus mesophases within hosts and should be considered 
further for the development of standard operating procedures. The stabilisation and 
storage of viral nanoparticles is also a current issue in bionanotechnology (Liu et al. 
2012).  
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Figure 2.4.13 Gladioferens pectinatus displaying strong opalescence associated with the 
presence of iridoviruses. 
Fixed in phosphate buffered formaldehyde (5%)/estuary water solution. Beneath dissection 
microscope.  
 
Figure 2.4.14 Several opalescent colour-textures within the pedigerous somites associated with 
infection by iridoviruses (hosts: Gladioferens pectinatus).  
Fresh unfixed samples under dissection microscope. 
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Figure 2.4.15 Gladioferens pectinatus with opalescence within the pedigerous somites and 
female reproductive system.  
A contrast adjustment (+30%) highlights opalescence in the reproductive system (R). Image taken 
under dissection microscope (refer to methods) 
  
R 
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2.5 Conclusions 
This study confirmed ZoopIIV [HR] formed Smectic blue phases within copepod 
hosts, which contributed to isotropic narrowband that was retained across a wide 
thermal range. The simultaneous presence of many local BPSm mesophases and BP 
lattices in vivo, produced an optically isotropic narrowband with smectic platelet 
textures, and defects within the liquid crystal enhanced the optical effect.  
There are many questions remaining; and biological, physical and chemical factors 
important to mesophase formation, preservation and enhancement in vivo require 
further research. Current methods for the preservation of zooplankton are insufficient 
for the preservation of iridovirus liquid crystal mesophases and host-population 
morbidity is likely to be underestimated. Thus, reliable assays need to be developed 
for analysing effects of iridoviruses in natural host populations. Factors of importance 
include: ionic concentration and composition, pH and temperature, virion/biopolymer 
concentration, and subsequent flexoelectric and electrostatic effects (etc.) of these 
charge-stabilized BPs. An applied external electric field may also assist the 
formation, stabilisation or enhancement of in vivo mesophases. 
BPSm phases are relatively new to science and have recently gained much attention for 
their fast switching and optical high-quality. Thus the polarised ferro-, antiferro- and 
ferriel- BPSmC* phases, and inter-phase transitioning-as apparent herein, will also be 
of interest to those advancing the field of BPs for technological application. 
New materials have produced blue phases with very high stability; and enabled rapid-
development of BP systems and applications (Kitzerow 2009). However, there are 
practical and intellectual challenges ahead, for example studying the role of 
flexoelectric effects, photochemical effects or optical non-linearity’s in blue phases 
(Kitzerow 2009).  Copepods hosting ZoopIIV [HR] may provide a new avenue for 
better understanding BPs for technology, and BPs may assist our understanding of the 
effects of iridoviruses in nature. 
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CHAPTER 3 
 
Ultrastructure of a Zooplankton Invertebrate Iridescent virus from the host 
estuarine copepod Gladioferens pectinatus
3.1 Abstract  
Electron microscopy (EM) is a frontline tool in the clinical diagnosis of emerging 
infectious viruses. EM is essential for the visual detection of unknown viruses that 
remain cryptic to current molecular assays, and for subsequent taxonomic research 
and surveillance. Zooplankton Invertebrate Iridescent viruses (ZoopIIVs) are 
emerging as infectious regulators of mesozooplankton populations, and investigations 
are underway to determine the magnitude of their pathogenic impacts. One such virus 
from the Hopkins River, ZoopIIV [HR], is a unique isolate discovered infecting the 
host estuarine copepod Gladioferens pectinatus. Iridescent host colour indicated 
localised developed-infections and entire-infection with advanced disease. Initial 
ultrastructural characteristics indicated ZoopIIV [HR] as a member of Iridoviridae. 
The present study describes greater detail of the ultrastructure of ZoopIIV [HR] 
particle ultrastructure from host G. pectinatus ultrathin sections, and for particles 
extracted from hosts for negative contrast and cryo-EM. Vitrified (frozen-hydrated) 
capsid diameter (apex-apex) along the three-fold symmetry axis was 165.2 ± 3.1 nm 
(n=195) and fibril length was 53.6 ± 3.7 nm (x̄ ± σ). In comparison, ZoopIIV [HR] 
dehydrated capsid diameter was 135.6 ± 5.4 nm in host thin-sections, and 168.8 ± 6.8 
nm in negative-stained preparations; the size differences and variability are attributed 
to inherent artefacts of preparation. Additional analyses using vitrified ZoopIIV [HR] 
particle orthoslices and tomography reconstructions, revealed symmetry and 
ultrastructure characteristics typical to its family.  ZoopIIV [HR] shared precisely 
with IIV-6 a vitrified capsid diameter of 165 nm along the three-fold axis of 
symmetry. However, ZoopIIV [HR] fibrils were 9-19 nm longer (EM method 
dependent) than IIV-6 and were dissimilar in length to other iridovirids. 
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3.2 Introduction 
Zooplankton Invertebrate Iridescent viruses (ZoopIIVs) have a wide host-range and 
distribution in aquatic ecosystems globally (Federici & Hazard 1975; Gibbs & Mayer, 
1980; Chapter 4 herein). Infectious marine ZoopIIVs capable of causing epi- and 
panzootic events or suppressing mesozooplankton population densities could have 
widespread ecological effects (Chapter 1). Thus the identification of ZoopIIVs using 
various PCR and optical assays are required for research and monitoring their impacts 
in the mesozooplankton, and their ecosystems (Chapter 5). EM is a frontline tool in 
the surveillance of new disease outbreaks due to the rapid turnaround time for 
pathogen detection (Zhang et al. 2013). The technique can identify multiple viruses 
via unique demarcation structure; including particle size, membranes, surface 
projections and symmetry (as defined by the International Committee of Virus 
Taxonomy; in King et al. 2012). Negative contrast EM (NCEM) is a rapid diagnostic 
technique which involves negative-staining and analysis of supernatant from 
homogenised sample. Cryo-EM involves the rapid freezing (in liquid ethane) of 
unstained and unfixed specimens in either thin film or vitreous sections, and the 
technique preserves ultrastructural detail closest to the native (hydrated) state. 
Transmission EM (TEM) is used for examining ultrathin sections (typically ~100 nm) 
cut from fixed and stained resin embedded hosts or host-tissue. Thin section analysis 
can reveal ultrastructural detail, such as the sites of viral replication and stages of 
viral morphogenesis: viral entry, viral egress and non-structural viral components 
(Alex Hyatt pers. comm.). Collectively these data may be used for rapid identification 
of viruses to family and in some cases genus level (e.g. Zhang et al. 2013). Family 
Iridoviridae comprises the genera Ranavirus, Lymphocystivirus and Megalocytivirus 
(associated with vertebrate hosts) and the genera, Iridovirus and Chloriridovirus, 
which are associated with invertebrate hosts (Jancovich et al. 2012). Iridovirus 
particles are symmetrically icosahedral and consist of, from inside out, an inner 
DNA/protein core, an internal lipid membrane, a viral capsid, and in the case of 
particles that bud from the plasma membrane, an outer virion envelope (Jancovich et 
al. 2012). The envelope increases the specific infectivity of virions, but is not 
required for infectivity as naked particles are also infectious (Jancovich et al. 2012). 
Because the ultrastructure of iridovirids is well-described, particles can be reliably 
identified to family level using EM (Williams et al. 2005; Jancovich et al. 2012).  
43  
 
The current chapter investigates the ultrastructure of ZoopIIV [HR] and compares its 
morphological characteristics to the five current genera of Iridoviridae. ZoopIIV 
[HR] ultrastructure was examined by EM from host thin sections and negatively 
stained viruses and vitrified particles. A limited number of vitrified particles were 
also subjected to 3D reconstruction by EM single-particle analysis, to enable slicing 
of the particles in silico in any arbitrary orientation, thereby providing details of 
surface and internal ultrastructure.    
3.3 Methods  
ZoopIIV [HR] particles were analysed from fresh host Gladioferens pectinatus 
homogenates and thin sections cut from resin embedded hosts (Figs 3.3.1 & 3.3.2). 
Homogenates for negative contrast and Cryo-TEM each contained 20 adult host G. 
pectinatus. The copepods were rinsed in 50 µL Phosphate Buffered Saline (PBSa) 
then added to either 100 µL PBSa for negative contrast preparations or, 100 µL of 
filtered (0.22 µm; Whatman Filter) estuary water for Cryo-TEM, before dounce 
homogenizing and centrifugation at 1500 rpm for 60 seconds. Supernatant was added 
to grids then examined by negative contrast or cryo electron microscopy.  
For negative contrast EM, each sample had 5 µL of supernatant removed and added 
to a copper grid comprising carbon film (Alcian blue activated), for an adsorption 
period of 5 minutes before removal of excess sample. Grids containing adsorbed 
sample were stained with NANO-W (2% solution) for 60 seconds, drained of excess 
solution and air dried before analysis with a JEM-1400 TEM (JEOL, Japan). 
Technical support was provided by Sandra Crameri and Clare Holmes. Supernatant 
was divided evenly for corresponding quantitative and conventional PCR (Chapter 5).  
For Cryo-TEM, Andrew Leis provided technical expertise. The virus suspension was 
added to the surface of a glow-discharged, commercial carbon film with 1 µm holes 
and 1 µm spacing (‘C-flat’, Protochips, Raleigh, NC) on a 400 mesh copper grid. A 
double-sided blotting technique was used, with blotting time set at 3.3 seconds 
(Whatman Number 1 filter paper), and liquid ethane temperature at -174 °C. Sample 
volume was kept constant at 8 µL, corresponding to undiluted sample or equal 
volumes of sample and 10 nm colloidal gold solution. The sample was ‘plunge’ 
frozen by rapid immersion in liquid ethane using a semi-automated vitrification 
device (Model 930 or ‘CP3’, Gatan, Pleasanton, CA). Grids were either stored in 
liquid nitrogen or transferred immediately to a pre-cooled Model 914 cryo- specimen 
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holder (Gatan) and transferred to the microscope for direct observation. If grids were 
to be examined the same day, they were first blotted under nitrogen vapour to remove 
excess ethane. A JEM-1400 TEM fitted with LaB6 cathode and operating at an 
accelerating voltage of 120 kV was used for low-dose data acquisition including 
synchronised beam-blanking and camera exposure; spot size 3 kept the electron dose 
below 4 000 electrons per square nanometre per micrograph. Micrographs were 
recorded at underfocus values of 8 µm or 12 µm using nominal magnifications of 12 
000 or 15 000, corresponding to respective pixel sizes of 8.6 Å and 6.9 Å at the 
detector, a cooled, 2K x 2K charge-coupled device (CCD) camera (‘Ultrascan 1000’, 
Gatan, Pleasanton, CA). The underfocus values were chosen to emphasise the 
vertices of the virus particles and to enhance the visibility of the fibrils.  
A Tecnai TF30 TEM was employed for cryo-imaging ZoopIIV [HR] particles at 
300kV, which allowed better fidelity (than could be achieved using EM at 120kV) 
due to the field-emission electron source and greater penetration depth, which 
corresponds to less radiation damage and better signal. Host G. pectinatus were 
captured from the Hopkins River estuary and maintained live until homogenate 
preparation for vitrified ZoopIIV [HR] particle analysis; as previously described. Eric 
Hanssen then provided particle 3D reconstructions constructed from single-particle 
and sub-tomogram averages for analysis.   
 For ultrathin section analysis; live contained copepods stored in an ice-slurry (ice-
sedation) were individually rinsed in 0.1M Sorenson’s phosphate buffer and fixed in a 
glutaraldehyde (2.5%)-Sorenson’s buffer (0.1M, pH, 7.2, 300mOmol/Kg)) solution 
for 12 hours. Each copepod was washed to remove excess gluteraldehyde (x3) in 0.1 
Sorenson’s buffer for 5 minutes. Copepods underwent secondary fixation in 0.1M 
buffered osmium tetroxide (1%) for 45 minutes, before rinsing with reverse osmosis 
water (x2) for 60 seconds. Copepods were dehydrated sequentially for 10 minutes by 
submersion in 70% and 95% ethanol solutions and twice in 100% ethanol, then 
placed in Spurr’s resin: ethanol (1:1) followed by 100% Spurr’s resin for 30 minutes. 
Copepods were then added to 100% Spurr’s resin for 1 hour and embedded at 65°С 
~14 hours. Ultrathin sections from G. pectinatus were cut and double stained in lead 
citrate and uranyl acetate. Samples were examined with a JEM-1400 TEM at 120 kV. 
Virus ultrastructure measurements were obtained from micrographs, following 
calibration at a range of magnifications. Measurements included virion capsid 
diameter, inner core + lipid membrane diameter, and the fibril absolute-maximum 
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mean length (nm). The capsid diameter (apex to apex) from the 3-fold axes of 
symmetry was determined for thin section, vitrified and negative contrast 
preparations. Particle ultrastructural measurements were taken from ultrathin section 
and negative contrast micrographs using Adobe Photoshop, and Fiji (ImageJ) 
(Schlindelin et al. 2012) for vitrified particles. 
 
1 mm 
 
Figure 3.3.1 Gladioferens pectinatus hosting ZoopIIV [HR] prior to homogenate preparation 
for TEM analysis.  
Host oedema and associated osmotic effects determine the narrow band and iridescent colour observed 
(oedema effects to infection-colour are described in Chapter 2); Adult Gladioferens pectinatus with 
infection at an advanced-stage. 
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   1 mm 
 
Figure 3.3.2 ZoopIIV [HR] infected Gladioferens pectinatus used in thin section analysis.  
Live
♂ with median-advanced infection level (IL 3: Append 2); 11-00510-9  
 
 
 
A 
  
C B 
 
Figure 3.3.3 ZoopIIV [HR] capsid diameter (apex to apex) while in the three-fold axis of 
symmetry.  
Negative stained (A), host thin section (B) and vitrified Cryo-EM (C) micrograph examples are given 
(bars indicate the measurement location).  Fibrils were best preserved by particle vitrification (C).  
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3.4 Results and discussion   
ZoopIIV [HR] morphology between EM techniques 
Vitrification by rapid freezing is considered the method for best preserving viruses 
closest to their native state (Adrian et al. 1984), thus cryo-dimensions are a focus of 
this chapter. The capsid diameter for vitrified ZoopIIV [HR] particles produced the 
lowest standard deviation (165.15 ± 3.05 nm), suggesting cryo-TEM had best-
retained virion morphology in comparison to the other EM methods (Table 3.4.1). 
During cryo-homogenate preparation, filtered estuary water was utilised to retain 
salinity nearest that of the host-capture location, under so that the supernatant 
osmolality and pH perhaps closely resembled in-vivo host osmolality and best-
retained the virion ultrastructure. Supernatant from negatively stained homogenates 
comprised sterile PBSa to enable corresponding PCR analysis (Chapter 5). However, 
the added negative stain/PBSa solution increased the capsid diameter mean and 
standard deviation to 168.79 ± 6.79 nm (Table 3.4.1), and putatively-contributed to 
deform particles (presented later). Negative staining has also resulted in the swelling 
of Lymphocystis disease virus (Berthiaume et al. 1984). Thus, while negative contrast 
EM is useful for diagnosing ZoopIIV infection and particle density analysis, 
vitrification is best for morphology and ultrastructural investigation (e.g. Yan et al. 
2000; Jancovich et al. 2012).   
The absolute-maximum mean fibril length was also reduced for sample viewed by 
negative contrast EM, compared to cryo-EM. Interestingly, the fibril length relative to 
capsid diameter did not change proportionally between negative contrast and cryo-
EM preparations, suggesting a general procedural effect. Perhaps ZoopIIV [HR] 
ultrastructure can be better stabilised for negative contrast EM, by determining the 
optimal pH, and ion composition and concentration relative to the negative stain (e.g. 
2% NANO-W sol’n) and sample volumes. To add, during supernatant  adsorption to 
EM grids as the particles undergo air drying, the solute (stain and supernatant 
containing virions) concentrates, and it is at that moment the virus  particles probably 
become deformed (Andrew Leis pers. comm.). Thus there are several factors to be 
considered for methods to improve virion integrity and particle structure consistency 
between future analyses. 
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Table 3.4.1  ZoopIIV [HR] ultrastructural dimensions between electron microscopy methods (x̄ 
± σ nm) 
Core + lipid 
membrane 
diameter                                           
N S             Cryo 
Fibril length 
(absolute 
maximum)                                           
N S                 Cryo 
Capsid thickness 
                                                         
 
N S               Cryo 
Virion diameter                           
(apex-apex; three-fold axes) 
  
N S              Cryo               TS 
 
145.89 
± 6.36 
 
n= 83 
 
122.02 
± 4.73 
  
  20 
 
43.52 
± 0.56 
   
 11 
 
53.57 
± 3.66 
    
20 
 
11.53 
± 2.77 
    
82 
 
14.30 
± 1.07 
   
 20 
 
168.79 
± 6.79 
    
100 
 
165.15 
  ± 3.05 
   
 194 
 
135.61 
± 5.39 
  
  100   
Note: Only defined fibrils were measured. Thin section (TS), negative stain (NS) and Cryo- vitrified 
(Cr) x̄ ± σ (nm) are given. 
 
 
Comparison of ZoopIIV [HR] morphology to genera of Iridoviridae 
The ultrastructure of viruses including their size and shape is known to vary between 
EM methods (Zhang et al. 2013).  Therefore, ultrastructural comparison of ZoopIIV 
[HR] to other iridovirids is only appropriate where they have undergone the same 
method of preparation and EM analysis. While cryo-EM may best uphold the 
ultrastructure of virions, the capsid diameter data at each particle orientation (e.g. 
Hurst 2011; p58) is limited for many type-species, for comparison between-genera; 
with exception to IIV-6 (Jancovich et al. 2012). IIV-6 shares with ZoopIIV [HR] 
precisely a vitrified capsid diameter of 165 nm along the three-fold axis of symmetry; 
however ZoopIIV [HR] fibrils were 9-19 nm longer (EM method dependent) and thus 
may be a distinguishing feature (Table 2; Jancovich et al. 2012). Interestingly, 
ZoopIIV [HR] is also phylogenetically closer to IIV-6 than the other “terrestrial” 
IIV’s (Chapter 5; Figure 5.4.4), suggesting an evolutionary link. IIV-6 is infectious 
across a wide insect host-range and has been extensively studied (see Williams et al. 
2005); the results of which may be useful for comparison with ZoopIIV [HR] in 
hosts, host-populations and aquatic ecosystems.  
The dehydration of virions and associated host cells with ethanol during preparation 
of ultrathin sections, leads to the shrinking of the viruses and biological structures 
resulting from their high water content (e.g. Williams 1996). The core of a Frog 
virus-3 particle for example, contains ~80% water (Cuillel et al. 1979). Thus, 
ultrastructural comparisons from thin sections, that are totally dehydrated, may 
provide the most-reliable historical size-comparison between iridovirids, particularly 
with regard to particle diameter (Table 3.4.2). Comparison between ZoopIIV [HR] 
and other iridovirids with available thin section size-data are shown in Table 3.4.2. 
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The ranked capsid diameter for each genus, as measured from thin sections, was: 
Iridovirus (~120-130 nm), ZoopIIV [HR] (~130-140 nm), Ranavirus (~150 nm) and 
Chloriridovirus (~180 nm) (Table 3.4.2). During this study, other ZoopIIVs have also 
been detected from the other genera of Iridoviridae, including Chloriridovirus 
(Chapter 5); thus it will be useful for diagnostic EM to examine characteristics that 
overlap or are distinct between the ZoopIIV genera, including ultrastructure 
variations between each EM technique.  
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Table 3.4.2 Ultrastructural comparison of ZoopIIV [HR] with other genera of Iridoviridae 
Virus type  
 
Virion diam. 
(nm) 
     Fibril length 
(nm) 
  Fibrils 
reported 
Host species References 
ZoopIIV [HR]  
( x̄ ± σ) 
135.61 ± 5.39 TS  ~ 44 N S 
   54 Cryo 
Gladioferens 
pectinatus 
Current study 
Iridovirus 
 IIV-6 & IIV-1 
~120 -130 TS  ~2.5 
    35 
insects, 
crustaceans, 
possibly 
molluscs 
Williams et al. 2005; Williams 
2008; Williams 1996; Jancovich 
et al. 2012 
Chloriridovirus 
IIV-3 
~180 TS 
 
 mosquitoes 
and 
midges 
(Diptera) 
Williams et al. 2005; Williams 
2008; Jancovich et al. 2012 
Megalocytivirus 140-200 *   marine fish 
in SE Asia 
Williams et al. 2005; Jancovich 
et al. 2012 
Ranavirus ~ 150 TS  2.5 
 
     
 
bony fish, 
amphibians, 
and 
reptiles 
worldwide 
Williams et al. 2005; Jancovich 
et al. 2012 
Lymphocystivirus ~ 198-227 * 
(LCDV-1) 
 
200 
(LCDV-2) 
 2.5 
 
 
 200 
marine and 
freshwater 
fish 
worldwide 
Zwillenberg & Wolf, 1968; 
Williams 1996; Williams et al. 
2005; Jancovich et al. 2012 
Note: Additional information on fibril presence within genera: 
http://www.microbiologybytes.com/virology/kalmakoff/Iridoviruses.html (accessed 22/05/2011). 
Measurements between genera are provided from thin section (TS), negative stain (NS), cryo-vitrified 
(Cryo) and unspecified (*) EM methods, for comparison with ZoopIIV [HR]. For some genera of 
Iridoviridae, published cryo-EM virion morphometrics and diameter for each particle orientation is 
limited and thus is not presented.  
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Symmetry and ultrastructure analysis from vitrified particle reconstructions  
3D reconstruction using vitrified viruses is important for analysing virus 
ultrastructure and morphogenesis, in conjunction with other functional EM methods 
(Zhang et al. 2013). Therefore, vitrified ZoopIIV [HR] particles underwent single-
particle analysis and subsequent 3D particle reconstructions, to investigate capsid 
symmetry and particle features.  
The general morphology of viruses of Iridoviridae is similar, yet iridovirids are often 
distinguishable from other families containing icosahedral viruses, due to obvious 
(e.g. particle size) or discrete (e.g. particle design) differences in ultrastructure (e.g. 
Yan et al. 2000; Hurst 2011). Iridovirid virions consist of 12 pentasymmetrons and 20 
trisymmetrons arranged in an icosahedral symmetry (Yan et al. 2000; Jancovich et al. 
2012). Those larger capsid structures are made up of small hexavalent capsomers 
comprised of the major capsid protein (MCP); they total 1460 per virion (Jancovich et 
al. 2012). Notably, each pentasymmetron comprises a pentavalent capsomer (Yan et 
al. 200; Jancovich et al. 2012). The pentavalent capsomer is significantly larger than 
the trimeric capsomers and has a five-bladed propeller-shaped external appearance 
and a small central pore that opens into a flask-shaped cavity (Jancovich et al. 2012). 
Reconstructions of ZoopIIV [HR] indicated its morphology as typical to other 
iridovirids (see Jancovich et al. 2012). The reconstructions revealed the 
pentasymmetrons, trisymmetrons and pentavalent capsomers, and the rough particle 
surface highlighted the hexavalent capsomers as the main capsid building blocks, to 
which the fibrils attach (Figure 3.4.1). Internally, the internal lipid membrane, core 
and intermediate area- between the capsid and lipid membrane (may contain 
transmembrane proteins; sensu Jancovich et al. 2012) were evident (Figure 3.4.1). 
The purpose of the lipid membrane in iridovirids is unknown (Jancovich et al. 2012). 
If the ZoopIIV [HR] lipid membrane is similar to other iridovirids and consists of a 
phospholipid bi-layer (e.g. Jancovich et al. 2012), it may provide a hydrophobic 
barrier essential for the security of DNA and core contents. Membranes comprised of 
a phospholipid-bilayer are permeable to gasses and small uncharged polar molecules 
such as water and ethanol, yet they remain impermeable to large uncharged polar 
molecules, charged polar molecules (amino acids, ATP, glucose 6-phosphate, 
proteins, nucleic acids) and importantly (relative to Chapter 2), ions (Lodish et al. 
2008; p438). Thus the bi-lipid membrane of iridovirid particles not only serves to 
protect and retain the integrity of its core contents, it additionally plays an important 
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role in determining the overall particle charge, relative to its surrounds (e.g. within 
osmoregulating hosts). Therefore, the lipid membrane is important in determining 
charge and inter-particle distance, mesophase formation and, the photonic band-gap 
and colour-appearance of host-tissue (Figures 3.3.1 & 3.3.2; explained in Chapter 2). 
Thus, by determining best-techniques to preserve the lipid bilayer, optical-methods 
may be additionally optimised for investigating host epidemiology and for initial 
disease detection and thus, identifying host-species (Chapters 2 & 5). 
A set of orthoslices from a vitrified ZoopIIV [HR] virion while in the five-fold axis of 
symmetry, revealed ultrastructural detail not observed in individual micrographs 
(Figure 3.4.3). The ZoopIIV [HR] particle maintained the same classical icosahedral 
symmetry as other iridovirids. Fibrils were evident and appeared as a shadow 
extending from the capsid; and pentavalent capsomers were detectible at each 
corresponding pentasymmetron (Figure 3.4.3). The lipid layer putatively-thickened 
within in each pentamer, which may be additive to maintaining virion integrity in 
both the natural and host environment (Figure 3.4.3). 
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 50 nm 
  
 50 nm 
       single particle                          vs                    sub -tomogram average   
Figure 3.4.1 ZoopIIV [HR] reconstructions from vitrified particles.  
Preliminary models reconstructed by E. Hanssen and A. Leis using vitrified ZoopIIV [HR] particles 
isolated from wild host Gladioferens pectinatus from the Hopkins River estuary (e.g. Figure 3.3.1). 
Upper reconstructions (using an ultrastructural average from 5 tomograms): The inner lipid membrane 
(arrow) surrounding the core (suggested to contain nucleoprotein filaments) and pentavalent capsomers 
(double arrow) on the outer capsid are distinguishable. Lower reconstructions: ZoopIIV [HR] single 
particle and sub-tomogram averaged reconstructions oriented in the two-fold (lower left) and three-fold 
(lower right) axes of symmetry respectively. The pentasymmetrons, trisymmetrons (lower left) and 
capsomers are evident. Structural non-uniformities are excluded during single particle and sub-
tomogram averaging and particle reconstruction, which include the external flexible fibrils (E. Hanssen 
pers. comm.). With improved single particle reconstruction techniques, ZoopIIV [HR] fibrils should 
become noticeable (Andrew Leis pers. comm.) 
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fibrils 
Pentasymmetron  
and centric pentavalent capsomer 
trisymmetron 
pentavalent capsomer 
 
Figure 3.4.2 Schematic diagram of ZoopIIV [HR] appearance as oriented in the two-fold axis 
vertically. 
Detailed description of iridovirid morphology is provided in Jancovich et al. (2012) and Yan et al. 
(2000). Notably the orientation resembles that of the reconstructed particle (Figure 3.4.1; bottom left). 
Not to scale (adapted from Wrigley (1970) by the author, R.-L. R.). 
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* 
* 
F 
 
Figure 3.4.3 ZoopIIV [HR] particle orthoslice while oriented in the five-fold axes of symmetry. 
Bar = 100 nm. The particle is orientated with one pentamer facing outward and another opposite. The 
pentavalent capsomers (arrows), fibrillar fringe (F) and pentasymmetrons with centric pentavalent 
capsomer (*) are indicated. Particles isolated from iridescent wild Gladioferens pectinatus from the 
Hopkins River estuary. Orthoslice provided by E. Hanssen for analysis by the author R-L.R. 
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Particle disruption in negative contrast and cryo-EM preparations 
Particles that have their ultrastructure disrupted by negative staining can also reveal 
features, such as the lipid bilayer and nucleoprotein filaments, which otherwise may 
remain more discreet using other EM methods, and when particles are fully intact 
(e.g. Zwillenberg & Wolf 1968; Yan et al. 2000). Viral morphogenesis relies on a 
sequence of biological processes, thus virions at various stages of development may 
be observed in host cells by TEM, particularly within the virus factory (e.g. Novoa et 
al. 2005; Fernández de Castro et al. 2013). Therefore, a size range for virus particles 
may be expected as a result of morphogenesis and inherent procedural effects (e.g. 
osmosis) during sample preparation for TEM. In ZoopIIV [HR] particles, negative 
stain entered the particle core (indicated by electron density and locality); which was 
similar between virions (Figure 3.4.4). Furthermore, filaments were found in close 
proximity to many ZoopIIV [HR] particles which were swollen and distorted; the 
filaments resemble the nucleoprotein filaments found in the core of iridovirid 
particles (e.g. Ackermann & Berthiaume 1995; Jancovich et al. 2012) (shown in 
Figure 3.4.5). Osmosis may have assisted in evacuating the filaments from the virus 
core to its surrounds (Figure 3.4.5). Thus, from this study it is suggested that ZoopIIV 
[HR] contains osmiophilic nucleoprotein filaments that are evacuated from the 
ZoopIIV [HR] virion core, as they were not apparent in samples containing intact 
particles (Figure 3.4.5). Ackermann & Berthiaume (1995) describe osmiophilic 
filaments within the core of Lymphocystis virus; while the core of Ranavirus (FV-3) 
also consists of a long coiled filament, 10 nm wide (Jancovich et al. 2012). To add, 
filaments that similarly occur with negative stained Lymphocystis virus particles, 
may have hemagglutinating or hemadsorbing properties like the adenoviruses 
(Zwillenberg & Wolf 1968). Later analysis with cryo-EM analysis at high power 
(300kV) also enabled Eric Hanssen to detect a location where supernatant may have 
entered the core via the lipid membrane (Figure 3.4.6). Proteins (e.g. anchor proteins) 
that embed in the iridovirid lipid membrane (Jancovich et al. 2012) perhaps also exist 
in ZoopIIV [HR] particles and provide a point of membrane weakness, or specific 
porous location that may serve as a thoroughfare to the particle core; for 
transportation of ions, DNA and enzymes during replication (e.g. during 
concatameric DNA packing in the virion, or prior to DNA synthesis in the cytoplasm; 
Jancovich et al. 2012). Further work may determine methods for best-preserving 
virion ultrastructure prior to analysis by negative contrast and cryo-EM. 
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  200 nm 
 
Figure 3.4.4 ZoopIIV [HR] particles exhibiting separation of the lipid membrane with core 
swelling and particle deformity with preparation for negative contrast EM.  
Lipid membrane separation (black arrows) and negative stain within the swollen particle core (white 
arrows)  
 
 
200 nm 
 
Figure 3.4.5 Filaments commonly observed near negative stained ZoopIIV [HR] particles that 
hydrated and ruptured.  
Suspected osmiophilic nucleoprotein filaments (arrows) evacuated from the particle core with osmosis 
and dehydration (also refer to Jancovich et al. 2012). For visual approximation of filament width, mean 
capsid thickness (for negative stained integral particles) was 11.53 ± 2.77 nm. Nucleoprotein filaments 
of Ranavirus (FV-3) are 10 nm wide (Jancovich et. al. 2012). 
58  
 
 
Figure 3.4.6 Entry point of supernatant into a vitrified ZoopIIV particle.  
Note: The 1.55 nm thick section was at dose= 5,300 e/nm2; Scale bar= 100 nm; image and description 
of supernatant entry were provided by E. Hanssen.  
 
3.5 Conclusion 
   ZoopIIV [HR] has an icosahedral symmetry and subunits similar to other members 
of Iridoviridae. The fibril length and the capsid diameter collectively were key-
features that may be used in diagnostic EM, and were similar only to IIV-6 which is 
typically associated with insects. ZoopIIV [HR] particles extracted from hosts, 
revealed variability in morphometrics between the EM methods. Inherent procedural 
effects to the particle form and integrity were also evident; especially following 
negatively staining. It is suggested that the ZoopIIV [HR] particle core contains 
osmiophilic nucleoprotein filaments, which were observed accompanying ruptured 
negatively stained virions. Further investigation is required into osmotic effects to 
ZoopIIV particles, which may naturally influence particle size-variation and rupture; 
to optimize methods for best-preserving particles. By adequately preserving ZoopIIV 
ultrastructure while in-vivo, particle integrity may be retained closest to the native 
state across samples prepared for negative contrast and cryo EM. Thus, host 
iridescence may be best-retained for macroscopic disease detection and microscopic 
ZoopIIV infection analysis. 
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CHAPTER 4 
 
The infection-ecology of a Zooplankton Invertebrate Iridescent virus in an 
estuarine copepod population and optical analysis of host-range and distribution 
 
4.1 Abstract 
In 2007 a Zooplankton Invertebrate Iridescent virus (ZoopIIV; Iridoviridae) was 
discovered infecting the dominant copepod Gladioferens pectinatus (Brady) of the 
Hopkins River estuary, in Victoria, Australia. Host infections reflected iridescent blue 
and/or turquoise colour from the viral Photonic Liquid crystals within semi-
transparent host copepods, enabling visible investigation into advanced and early 
infection stages throughout the host-population. Hopkins River ZoopIIV, ZoopIIV 
[HR], inter-annually persisted and contributed to reduce the host-population, 
particularly in spring and summer when temperature and advanced-infection 
morbidity increased; and in-turn probably reduced survival rates of copepodivorous 
ichthyoplankton. Advanced infection morbidity increased at water temperatures > 
23°C, indicating temperature as an important driver of ZoopIIV [HR] infection 
development. However, in winter 2009 when temperature was ~ 12 °C, infections by 
other ZoopIIVs (Co-identified visually and by PCR) produced a morbidity of ~100% 
in all copepods and their life stages, indicating: a) for some ZoopIIVs, high water 
temperature does not drive infection development in hosts, b) seasonal dominance 
shifts occur between ZoopIIV type-species and, c) several (or many) viruses may 
collectively reduce and suppress host populations across the seasons. In addition to 
classical ‘iridescence’ of ZoopIIV infection, which was used in the current study, it 
was also later realized and confirmed that zooplankton ‘opalescence’ signified 
infection. Subsequently, opalescence and iridescence were utilized as indicators of 
ZoopIIV infection for optical detection of mesozooplankton-hosts in other aquatic 
environments; including marine, estuarine and freshwater systems of south eastern 
Australia, and Antarctica. Iridescent and/or opalescent ZoopIIV infections were found 
in all mesozooplankton populations examined and individuals exhibited various 
putative-infection levels. The high incidence of infection by ZoopIIVs indicates these 
viruses have a wide mesozooplankton host-range and are probably having large 
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ecological impacts, thus strategies are required at the zooplankton-microbe level for 
management of fisheries, food-webs and ecosystems.   
4.2 Background 
A copepod virus belonging to family Iridoviridae was first discovered in 2007 in the 
Hopkins River estuary, infecting the dominant copepod Gladioferens pectinatus 
(Figure 4.3.1). At that time, it was the only known viral pathogen specific to the 
Copepoda globally, until a report by Gibbs & Mayer (1980) later arose from the 
archives. The zooplankton Invertebrate Iridescent virus formed Photonic liquid 
crystals (PLCs) in hosts when virion abundances and physiochemical (within hosts) 
conditions became putatively-suitable (Chapter 2). Copepod hosts reflected light in 
iridescent blue and turquoise colour from within infected organs and tissue, and 
entirely throughout with advanced stages of infection (Chapter 2). The iridescent 
infections were confirmed to be caused by an iridovirid (member of family 
Iridoviridae) using transmission and negative contrast electron microscopy at the 
Australian Animal Health Laboratories, Geelong (Figure 4.3.2; Hyatt et al. 2009). 
Visual analysis of zooplankton samples immediately post-capture and while sorting 
samples in the laboratory, suggested associated-disease was significantly impacting 
the host zooplankton population in 2007-2008 (Figure 4.3.1); thus the current study 
was initiated. The newly identified iridovirid isolate (Chapter 5), which was extracted 
from host G. pectinatus, has since been named ‘Hopkins River Zooplankton 
Invertebrate Iridescent virus’ (ZoopIIV [HR]), with assistance by members of the 
International Committee on Taxonomy of Viruses (Trevor Williams, Alex Hyatt, 
pers. comm.).  
 
4.3 Introduction 
The Hopkins River is approximately 300 km long with a catchment area of 8750 km2 
and is heavily-cleared for pasture and cultivation farming (Nicholson et al. 2008). 
The Hopkins River estuary is classified as a temporarily open/closed estuary (i.e. 
Perissinotto et al. 2010) and is characterized by two main periods of river discharge, 
high flow and low flow, which is determined by rainfall in the catchment (Nicholson 
et al. 2008). From late winter to early spring, river discharge and flow velocity 
typically peak, the estuary may be completely flushed of saline waters and water 
temperature is at a minimum (Newton 1996; Nicholson et al. 2008). Then from late 
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spring to early winter, river discharge and flow velocity reduces and a new salt wedge 
re-forms along the estuary (Newton 1996). The reduced freshwater outflow enables a 
sandbar to form and block connectivity with the ocean, and then the pelagic zone 
stratifies and stagnates progressively upward from the deepest benthic zones, until 
ocean re-connectivity occurs again and oxygenated tidal marine water re-floods the 
estuary (Newton 1996; Sherwood & Backhouse 1982; Sherwood 1985; Nicholson et 
al. 2008). Ocean-estuary reconnection may be induced manually by stakeholders or 
naturally, following sufficient freshwater runoff and outflow that washes away the 
sand barrier. The opening of the estuary mouth results in sudden change to the 
estuary’s hydrodynamics and significantly alters the estuarine pelagic habitat 
longitudinally and vertically thereafter.  
 The estuarine section of the Hopkins River stops at a natural weir, formed from an 
old basalt lava flow known as ‘Tooram Stones’; it has a 14m deep plunge pool on the 
downstream side and is situated approximately 9 km upstream from the estuary 
mouth (Nicholson et al. 2008; Sherwood & Backhouse 1982; Figure 4.3.2 herein). 
Approximately 2 km downstream from there, another lava crossing known as ‘The 
Pass’, provides a sill approximately 1m below the estuary surface which uniquely 
defines the “upper estuary section” above (Sherwood & Backhouse 1982). Tidal 
marine water spills-over at The Pass, replenishing the “aged” deeper marine water at 
the upper estuary, when strong tides, typically in October and November, coincide 
with diminishing freshwater outflow (e.g. Sherwood & Backhouse 1982; Sherwood 
1985).  The Pass barricades marine water intrusion to the upper section during small 
tides and restricts deep-saltwater exchange. Due to a reduced tidal influence 
temporally (in comparison to the middle and lower estuary) and as the source for 
freshwater input, the upper Hopkins estuary  frequently contains the preferred 
physicochemical properties for estuarine zooplankton through late autumn-summer in 
which the calanoid copepods, Gladioferens pectinatus (dominant sp.) and Sulcanus 
conflictus concentrate. Thus, the upper Hopkins estuary is frequently selected as the 
main spawning site for fishes such as Black bream Acanthopagrus butcheri 
(Sparidae), as it often provides the best available feeding and physicochemical 
conditions for survival of their larvae (e.g. Newton 1996; Sherwood & Backhouse 
1982; Nicholson et al. 2008; Roennfeldt unpublished data). The upper estuary can 
also somewhat serve as a natural mesocosm for analysing estuarine zooplankton and 
larval fish ecology, including impacts of zooplankton disease.  
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Notably, for Hopkins estuary larval A. butcheri, the important dietary items are 
primarily calanoid copepod nauplii, copepodites and fish larvae, and larger G. 
pectinatus (the dominant prey item) and S. conflictus; for larvae <9 mm, >9 mm and 
<40 mm in length respectively (Willis et al. 1999). Intra-species dietary overlap has 
been demonstrated between the various copepodivorous early life stages of Hopkins 
River A. butcheri (Willis et al. 1999); while inter-species dietary overlap and 
competition also occurs between estuarine larval fishes (e.g. Gaughan & Potter 1997; 
Fig 4.3.4 herein).  
The synchrony of the peak in juvenile mesozooplankton abundance and fish egg 
hatching is important in producing strong year classes in fisheries (Cushing, 1990).  
For example, strong annual recruitment by Atlantic cod, Gadus morhua L., is 
attributed to the timing of maximum copepod nauplii and copepodite production, with 
densities ~20/L providing adequate prey of a suitable size, during or soon-after the 
peak hatch in larval cod then throughout their following copepodivorous life-stages 
(Cushing, 1990). Importantly, rising ocean temperature has been demonstrated to 
produce a synchronization mismatch between the peak in fish larva and abundant 
suitably sized zooplankton prey, thus reducing Atlantic cod survival and recruitment 
(Beaugrand et al. 2003). ZoopIIV (HR) infects copepod reproductive organs and 
developing oocytes (Appendix 2), therefore a reduced reproductive capacity resulting 
in reduced juvenile copepod availability, may also significantly reduce recruitment in 
associated fisheries. In ecosystem models, the functional form and rate of 
zooplankton mortality can alter the balance of pelagic ecosystems, modify elemental 
fluxes into the ocean's interior, and modulate interannual variability in pelagic 
ecosystems (Ohman & Hirche 2001). 
   Temperature-salinity conditions are altered (often substantially and sometimes 
rapidly) in estuaries by intrusions of riverine and oceanic water; and changes in the 
pelagic zone to these critical parameters directly impacts estuarine copepod 
respiration and osmoregulation (e.g. Brand, & Bayly, 1971; King, 1976; Rippingale 
& Hodgkin 1977; Ough & Bayly 1989; Mauchline 1998; Hall & Burns, 2002); thus 
influencing their energy expenditure (e.g. Rippingale & Hodgkin 1977; Goolish & 
Burton, 1989; Mauchline 1998) and estuary positioning (Bayly 1965). Situations 
when tidal or freshwater inflow is rapid and suitable refuge water is lacking, may 
provide estuarine conditions that cause osmotic pressures that lead to rapid copepod 
death (Chapter 2).  Figure 4.3.3 provides an example from the nearby Glenelg River 
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estuary, of the importance of high water temperature and high salinity on G. 
pectinatus populations, and their requirement to move quickly to find the best-
available refuge habitat.  Temperature and salinity also influences pH, and these 
factors influence the formation and structural stability of viruses, including the 
formation and stability of photonic liquid crystals within hosts (Chapters’ 2, 3 & 5).  
Gladioferens spp. (Calanoida) dominates estuarine/brackish-water dwelling copepod 
species throughout southern Australia and New Zealand and are ecologically 
significant (Bayly 1965; Rippingale & Hodgkin 1974; Arnott et al. 1986). As a 
pioneer herbivore, Gladioferens rapidly recolonises low salinity water following 
seasonal flooding and they play a functionally important role in driving estuarine 
ecosystems (Arnott et al. 1986). As a truly estuarine species and an efficient 
osmoregulator, G. pectinatus can be found in salinities of <1 to 30 (Brand & Bayly 
1971); however, “temperature has a profound effect on the salinity tolerance of G. 
pectinatus” (Bayly, 1965); also see Hall & Burns (2002). G. pectinatus is considered 
a “winter species”; meaning that its abundances and distribution increase with the 
onset of winter (Kott 1955; Bayly 1965).  The distribution of dominant G. pectinatus 
populations adheres closely to an inverse relationship between temperature and 
salinity across the seasons: Salinity = -2.6583 x Temperature + 79.014 (derived from 
Fig 10 in Bayly 1965). The distribution of Hopkins estuary G. pectinatus 
approximately conforms to the same temperature-salinity relationship, horizontally 
and vertically (demonstrated herein).  
The fauna of estuaries is dominated by copepods- in terms of individual abundance 
and biomass (Thayer et al. 1974; Mauchline 1998; Mouny & Dauvin 2002; 
Froneman, 2004; Rakhesh et al. 2013), particularly when their optimum living 
conditions prevail (i.e. optimum feeding and environmental parameters; and minimal 
disease). However, high copepod densities may also provide opportunity for 
transmission of parasites (e.g. Ho & Perkins, 1985; Kimmerer & McKinnon 1990) 
and viruses; leading to high host-population morbidity (Appendix 2 & Chapter 5). 
Host-density has been demonstrated to be important to iridovirid transmission 
between many invertebrates, including insects during their aquatic life-stages and 
terrestrial crustaceans from moist habitats (Ricou 1975; Grosholz 1992; Williams 
1996; Marina et al. 2005; Williams et al. 2005).  Ultra-dense copepod swarms also 
occur in marine environments and are targeted by higher order predatory species, 
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including whales (Pendleton et al. 2009); these swarms may also provide conditions 
suited for transmission of iridovirids and other pathogens (e.g. Figure 4.3.3). 
    The effects to osmoregulating copepods such as G. pectinatus, living under sub-
optimum temperature-salinity conditions are similar to the effects of sub-lethal IIV 
infection in other invertebrates, they include reduced: adult body size, longevity, and 
offspring production, survival and development rates (Bayly 1965; Ough & Bayly 
1989; Goolish & Burton 1989; Hall & Burns, 2001; Hall & Burns, 2001b; Hall & 
Burns, 2002; Marina et al. 2005; Williams et al. 2005). The similarities may also 
indicate a reduced osmoregulation capability caused by hosting IIVs. Indeed to-date, 
all invertebrates that host iridovirids (e.g. Williams 2008) are osmoregulators (as 
determined from literature through the current study). Thus, it is critical to understand 
the combined-effects of environmental conditions and iridovirid infection in the 
mesozooplankton and to determine the host and environmental range for iridovirids 
such as ZoopIIV [HR], which may have widespread effects throughout aquatic 
ecosystems.  
 
The current chapter describes environmental effects (focusing on salinity and 
temperature) on ‘iridescent’ ZoopIIV [HR] infection level and morbidity in the 
dominant Hopkins River estuary mesozooplankter, Gladioferens pectinatus. Signs of 
infection by ZoopIIV infections in other mesozooplankton of south-eastern Australia 
and Antarctica are additionally presented, and the wider implications of ZoopIIVs in 
the mesozooplankton are discussed.  
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Figure 4.3.1 Advanced infections caused by ZoopIIV (HR) in the mesozooplankton of the 
Hopkins River estuary during an epizootic in January 2008 
Image shows the dominant species Gladioferens pectinatus as observed with the naked eye under 
natural light (Camera: Olympus µ1200 All Weather 12.0 MP; super-macro). The colour and reflected 
blue light-intensity arise from viral photonic liquid crystals (Chapter 2), which form with advanced 
infection and virion superabundances.  
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Figure 4.3.2 Diagnostic micrographs showing the ZoopIIV [HR] super-abundances within an 
entirely iridescent blue Gladioferens pectinatus.  
The thin section micrograph comprises virions arranged in photonic liquid crystal mesophases. 
Negative contrast electron micrographs revealed icosahedral virions with fibrils extending radially 
(arrow); ultrastructural characteristics, such as the icosahedral form and fibrils, were consistent with 
those of an iridovirid (inset) (Chapter 3). Refer to Chapter 2 for mesophase descriptions and 
transmission electron microscope methods. Initial ZoopIIV infection-confirmation micrographs were 
provided by Sandra Crameri and Alex Hyatt from the Australian Animal Health Laboratories, 
Geelong, Australia (in Hyatt et al. 2009). Bar = 1m; inset image bar = 100 nm  
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Figure 4.3.3 A warm salt wedge of marine origin has concentrated and trapped zooplankton 
between the unfavourable water and the estuary bank (near Dry Creek, Glenelg River estuary; 21st 
Jan. 2007).  
The mesozooplankton was dominated by adult Gladioferens pectinatus. High density patches within 
the swarm were estimated to exceed 105 adult copepods per litre in those environmentally-forced-
aggregations. Ultra-dense copepod swarms such as this may provide conditions for effective 
transmission of viruses and other disease agents (Chapters 2 & 5) and, as indicated by echo-sounder 
and simultaneous multi-depth sampling they also occur vertically within estuaries when stratified. 
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Figure 4.3.4 Pseudogobious olorum larva from the Hopkins River estuary with a stomach filled 
by three copepodite Gladioferens pectinatus, an essential prey item of larval fish.  
All surrounding copepods are G. pectinatus; most with early developmental stages of infection by 
ZoopIIV. Notably, estuarine larval fishes also ingested copepods with advanced iridescent infections. 
During ZoopIIV [HR] epizootics, some ichthyoplankton were observed to only ingest blue G. 
pectinatus. However, in general it was unclear whether ichthyoplankton targeted blue copepods as prey 
over non-blue copepods. Thus it remains unclear if ichthyoplankton find blue copepods alluring or 
easier to catch and consume, when advanced ZoopIIV infection modifies copepod appearance and 
behaviour.
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4.4 Methods 
General  
Hopkins River estuary sampling sites, representative of each estuary section, were 
selected according to adequate channel depth, breadth and transect length, for 
sampling with the multi-depth plankton sampler (Figure 4.4.2). Specific monthly 
sampling nights were selected around the new moon and pelagic multi-depth tows 
were completed during the first five hours post dusk. Samples were collected monthly 
from the lower (Site 1), middle (Site 2) and upper (Site 3) Hopkins River estuary 
(Figure 4.4.2) between 25th April 2007 and 5th May 2008; on 7th August 2009; and 
from 19th October 2009 to March 16th 2010. From these sampling periods, data is 
presented from January and March in 2008 and 2010, for temporal comparison of G. 
pectinatus morbidity and density, and is related to estuarine conditions. Hopkins 
estuary conditions are also noted from August 2009, when another ZoopIIV caused a 
putative-epizootic (Chapter 5); the impact of prey availability is discussed in relation 
to the survival of copepodivorous larval A. butcheri throughout the study period.    
    
Fixative stock-solutions were formulated using phosphate buffered formaldehyde 
(PBF) prior to sampling, for addition to field samples of approximately the same 
salinity to best-retain zooplankton and ichthyoplankton anatomical-integrity. The 
solutions comprised filtered (80μm) seawater, estuary surface-water (collected just 
prior to sampling) and a 50% mixture; and each had additions of 10% formaldehyde, 
sodium phosphate dibasic (7 g.L-1; Sigma S5136-500) and sodium phosphate 
monobasic >= 99.0% (4 g.L-1; Sigma S5136-500). During sampling, the fixative 
stock-solution with closest-matching salinity to each plankton sample, was added 
until the sample volume had doubled; resulting in a final 5% PBF concentration. 
Samples were taken at three depths using a pelagic multi-depth sampler which was 
designed and constructed for the project, and mounted on the side of a 4.2 meter 
Quintrex Explorer boat (Figure 4.3.2). Nets were located along the frame of the 
sampler at set depths of 0.3-0.55m, 1.7-1.95m, and 3.07-3.32m from the estuary 
surface; notably, the median net depths of 0.43, 1.83 and 3.2 meters respectively, 
represent those stratified sample depth-zones hereafter. The nets were positioned 
using an open and closed pulley system; each was 1.5m long with a mouth gape of 
0.08 m2 (0.32W x 0.25 D meters) and comprised 80μm diameter mesh. Velcro self-
adhering strips were attached across the mouth of each collapsible-net, fastened them 
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closed prior and post sampling, and nets were only open throughout horizontal 
sampling at the desired depth. After each tow they were pulled shut and retracted to 
the surface for external wash-down and removal of contents beside the vessel. Net 
closure before surface-retraction prevented sample contamination. Plankton tows 
were limited to 60 seconds to prevent net blockage, and transect lengths ranged 
between 40-45m. Tows were repeated in triplicate at each estuary section, on each 
sampling night. A General Oceanics (Florida USA) model 2135 hand-held 
microprocessor was used in conjunction with a model 2031HR6 electronic flow meter 
to calculate the total volume sampled and plankton abundance from each tow. A 
YeoKal, model 611 was used to measure all water quality parameters at 0.5m depth 
intervals from the surface. Following PBF fixation for >14 days, all samples were 
transferred into 70% ethanol/distilled water for storage and analysis. Procedures for 
laboratory analysis using bright field light microscopy are provided in Chapter’s 2 
and 5.  
 
Gladioferens pectinatus horizontal and vertical distribution, abundance, and 
infection by ZoopIIV [HR]  
Infection stage and population morbidity (%) was investigated in the dominant 
species, Gladioferens pectinatus. A 'Kahlisco' Folsom-type plankton splitter was used 
to obtain zooplankton sub-samples with ~400-600 adult G. pectinatus, when available 
in high enough densities. Entire counts and all copepods were analysed from 
zooplankton samples with extreme low-densities, while higher density samples 
required up to 8 splits. From split samples 150 adult G. pectinatus, when available, 
were selected randomly by pipette, sexed and examined for visible ZoopIIV infection 
and putative infection-level; as indicated by reflected iridescent blue-turquoise colour 
from diseased tissue and organs under transmitted light (also refer to Chapter 2 
Methods). Remaining copepods were enumerated for density calculation. Other non-
dominant copepod species were also analysed under light microscope for signs of 
infection. Early stage localized iridescent infections were recorded as ‘Local’ when 
limited to a limb and for undeveloped infection within the prosome, and advanced 
stage infections were recorded as ‘General’ for copepods with prosome infection 
entirely throughout (Figure 4.4.1).   For interannual comparison, adult G. pectinatus 
from January and March samples across two years, 2008 and 2010, were analysed for 
ZoopIIV [HR]  infection (% General and Local), population density (animals per 
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litre) and relative physicochemical environmental parameters. Notably the second 
most dominant copepod Sulcanus conflictus was consistently only at a very low 
population density; therefore analysis is solely focused on the dominant and 
ecologically important copepod, G. pectinatus. Maximum average daily flow data 
relative to freshwater entering the estuary was sourced for the lower Hopkins River at 
the Hopkins Falls (site 236206) from the Victorian Water Resources Data Warehouse 
(2013). McKinnon & Arnott (1985) was followed during G. pectinatus identification.  
Infection-ecology of ZoopIIV [HR] in the host Gladioferens pectinatus population 
Adult Gladioferens pectinatus density and ZoopIIV infection level (General and 
Local) were plotted against water column profiles to investigate the spatial interaction 
between salinity, temperature (°C) and dissolved oxygen (mg.L-1), during January and 
March 2008 and 2010. The temperature-salinity habitat preferences for G. pectinatus 
were inferred from the inverse linear relationship derived from Figure 10 in Bayly 
(1965): Salinity = -2.6583 x Temperature + 79.014. The ‘Bayly equation’ was 
additionally utilized in an investigation of the temperature-salinity conditions utilized 
by G. pectinatus throughout the study, which determine the requirement for 
osmoregulation (and energy expenditure).  
Patterns in ZoopIIV [HR] infection level with temperature and salinity 
To investigate salinity and temperature effects to ZoopIIV [HR] infection level 
throughout the host adult population, the advanced (General) infection level was 
plotted against salinity and temperature values taken from estuary locations 
(horizontal or vertical) where mean G. pectinatus densities were between 0.66 and 16   
L-1. The arbitrarily selected density-range encompassed mean absolute-maximum G. 
pectinatus densities from across the estuary (spatially and temporally). The concept 
follows Bayly (1965), who used temperature (T) and salinity (S) values from estuary 
locations numerically dominated by G. pectinatus, to determine its T-S distribution. 
The analytical method was selected to analyse (and highlight) spatially, the 
relationship between copepod ecophysiology and ZoopIIV [HR] morbidity. Graphs 
and relationship models were generated with Microsoft Excel 2007.  
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Figure 4.4.1 ZoopIIV infections in Gladioferens pectinatus from the Hopkins River estuary. 
General (above; PBF fixed copepod) advanced, and Local (below; in the leg of fresh-deceased G. 
pectinatus) early-stage infection are indicated. Reflected iridescent blue and turquoise-green colours 
indicate anatomical locations with ZoopIIV [HR]-induced-disease (refer to Chapter 2). Some Local 
infections perhaps indicate anatomical locations as sites of original infection; for example via pores 
within the cuticular integument (e.g. infection within an appendage only); however, further 
investigation is required.   
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Figure 4.4.2 The Hopkins River estuary near Warrnambool in south-western Victoria, 
Australia.  
Study sites 1, 2 and 3 were selected for their appropriate sampling depth and physicochemical 
parameters (i.e. pelagic habitat) representative for each estuary section, throughout all seasons. ‘The 
Pass’ is an ancient lava flow acting as a shallow sub-surface basalt sill (depth ~1m) which separates 
the upper and middle Hopkins estuary sections. Similarly, the Tooram Stones basalt sill defines the 
upper estuary boundary.   
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Key:  A  Cross bar attached to boat supports the suspended Multi-depth Sampler and provides a pivot point 
          B  Steel frame of Multi-depth Sampler 
          C  Rope used for lowering, maintaining a vertical position during tows, then raising the frame- 
                         operated from the bow 
          D  Collapsible and retractable net (80 µm mesh)- operated via pulley and cord system 
          E  Sample collection jar attached to net 
                                                                                                                                                      
Diagram not to scale 
 
Figure 4.4.3  The multi-depth zooplankton/larval fish sampler designed for the current 
research. 
The multi-depth sampler mounted on the boat before launch (top left) and during operation in the 
Hopkins River estuary (top right) is shown. Schematic diagram indicates the stratified sample depth 
zones from the estuary surface and basic mechanics of the sampler.  
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Investigation of iridovirid host and habitat range 
Samples were obtained from freshwater lakes across SW Victoria, estuaries spanning 
the entire Victorian coastline, the Southern Ocean in SW Victoria and Tasmania, 
including the Tasman Sea near NSW. Samples previously collected in 2006 from 
Antarctica were also investigated at the Institute of Marine and Antarctic Studies and 
the Australian Antarctic Division, in Hobart, Tasmania. Freshwater, estuarine and 
coastal marine zooplankton were obtained using horizontal and oblique tows (L~ 
45m/60s). Plankton nets utilized, comprised 250 and 80 µm mesh, and dip nets with 
80 µm mesh were employed for sampling some freshwater and estuarine locations. 
Density determination was not an aim for the preliminary host-distribution study, and 
flow meters were not utilized. Mesozooplankton were preserved in either 5-10% PBF 
or ethanol (70%), and later imaged and analysed with Bright field light microscopy 
(Methods as per Chapter 2).  
RV Southern Surveyor Next Wave voyage ss2010_t03 (7-15 Sept. 2010) 
Zooplankton samples were obtained from a warm and cold-core eddy and at the 
continental shelf east of Sydney (Figure 4.4.4). Two 50m N70 vertical net tows 
obtained samples off the continental shelf directly east of Sydney, NSW at site 6, then 
at a cold-core eddy within and outside its boundary at site 4 & 5 respectively (Figure 
4.4.5). The N70 Vertical Haul net comprised a graduating mesh size ranging from 
200 to 400 µm, then to 6 mm around the net collar (Suthers et al. unpublished; Figure 
4.4.5). Water quality data was obtained from deployments of a CTD rosette (Suthers 
et al. unpublished) although are not included in the current host-range and iridovirid 
distribution analysis. Directly after capture all zooplankton samples were split using a 
Folsom plankton splitter, one half sample was fixed in 10% PBF for krill and salp 
analysis at UNSW, then the remaining portion equally split and stored in either 
ethanol or 10% PBF for analysis. Blue copepods were removed by pipette while live 
and placed directly into 2mL vials containing either seawater/ethanol solution (1:1) or 
10% formaldehyde/seawater. Preserved individuals in 2mL vials were stored within 
corresponding parent sample jars. Optical analysis was later performed to detect 
iridovirid-induced-disease in zooplankton, using Bright field light microscopy 
(Details in Chapter 5). 
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Figure 4.4.4  Targeted cold-core eddy [A & B] beyond the continental shelf near Sydney where 
zooplankton samples were captured on 20/09/2010.  
Sea surface temperature (SST °C [A]), chlorophyll a concentration (mg Chl a.m-3) and GPS 
coordinates are indicated. Note: sampling was performed ~48 hours post these satellite images from 
18th Sept 2010.  
 
Figure 4.4.5  Map of the voyage route from Hobart to Sydney and sampling sites 1-6 and the 
N70 Vertical Haul net beside the RV Southern Surveyor.  
Map: P. Brodie (CSIRO). 
 
 
 
 
 
A B 
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4.5 Results and Discussion 
Temperature or salinity: is either a key driver of ZoopIIV [HR] infection 
development in Gladioferens pectinatus? 
The effects of temperature and salinity were individually analysed for any 
relationship with General (advanced) infection level throughout the G. pectinatus 
population, to determine if either parameter could drive epizootic events. No clear 
relationship was found between salinity and level of General infection in the G. 
pectinatus population; however, General infection grouped around salinity 17.5 or 25, 
irrespective of the time and location of sample collection (Figure 4.5.1).  
Conversely, a strong positive relationship between temperature and General infection 
level was evident, as described by the polynomial model: S= 0.236 T2 – 9.390 T + 
93.10; R2= 0.66 (Figure 4.5.2). Importantly, the highest ZoopIIV [HR] morbidity for 
General infections occurred at temperatures > 23 °C in the G. pectinatus population 
(Figure 4.5.2). Thus, 23°C may lie within the upper temperature threshold-range, 
where the ability for G. pectinatus to suppress infection had become ineffective due 
to energy costs associated with overall survival (sensu Williams et al. 2005). 
Additionally, 23 °C may be approaching the optimum replication temperature for 
ZoopIIV [HR]. Temperature is an important driver of viral infection development in 
poikilotherms, such as temperate fishes (Whittington & Reddacliff 1995; Essbauer & 
Ahne 2001; Fabian et al. 2013). Optimum replication temperatures are described for 
many fish viruses and may vary significantly between virus types, both in vitro in cell 
lines and in vivo (see Essbauer & Ahne 2001).   
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Figure 4.5.1  Adult Gladioferens pectinatus ZoopIIV General Infection level with respect to 
salinity.  
Data derived from all estuary sections and depths within January and March 2008 and 2010, where 
copepod densities were highest (between 0.66 and 16 L-1). Each infection data point represents the 
mean of three plankton tows (i.e. 48 tows in total). The outlier at salinity 2.24 (*) was at depth 0.43 m 
in the highly stratified upper estuary in January 2008 (Figure 4.5.3a).  
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Figure 4.5.2  Adult Gladioferens pectinatus ZoopIIV General Infection level (%) with respect to 
temperature. 
Data derived from all estuary sections and depths within January and March 2008 and 2010, where 
copepod densities were highest (between 0.66 and 16 L-1). Each infection data point represents the 
mean of three plankton tows (i.e. 48 tows in total).  
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Infection-ecology of ZoopIIV [HR] in a Gladioferens pectinatus population 
High G. pectinatus morbidity was evident in the spring of 2007, leading into January 
and March 2008 (Figures 4.5.3a and 4.5.3b).  Results are only presented from 2008 
onwards, and are based on improved laboratory methodology and clearer definition of 
copepod ‘iridescent’ infection level within the categories for General and Local 
infection.   
The current results focus on adult G. pectinatus and stages of ZoopIIV [HR] infection 
development; as indicated by the ‘iridescent’ colour from viral photonic liquid 
crystals within diseased tissue and organs. The spatial and temporal patterns of 
General iridescent infection, indicated temperature and salinity conditions suited for 
ZoopIIV [HR] infection development in estuarine copepods, while Local infections 
indicated ZoopIIV [HR] persistence. A 23° C temperature bar has been included in 
Figures 4.5.3a to 4.5.3b, for comparing the increased General infection level with 
temperatures >23 ° C (as described previously in Figure 4.5.2) within the host-
population relative to physicochemical vertical profiles. An inverse relationship 
between copepod density and the population General infection level is apparent when 
conditions are sub-optimum (i.e. high temperature, or high T-S simultaneously). 
   The following January 2008 results are presented in Figure 4.5.3a:  
The maximum average daily freshwater flow into the Hopkins River estuary was low-
moderate at 59.54 ML (Victorian Water Resources Data Warehouse, 2013; Figure 
13), which contributed to brackish conditions throughout the estuary. The estuary 
mouth was open and oxygenated tidal marine-water was evident in the lower estuary. 
Due to anoxia, conditions at <4.0 m provided the most habitable environment for G. 
pectinatus in the upper and middle estuary. At the lower estuary, dissolved oxygen 
levels throughout the water column were sufficient, however copepod densities 
remained low. Mean G. pectinatus density was highest (~15 L-1) in the upper estuary 
across all depths, moderate (~8 L-1) at -1.83 m in the middle estuary where copepods 
were vertically concentrated, and low (~1.0 L-1) throughout the lower estuary water 
column.  
At the upper estuary adult G. pectinatus had highest population concentration, with 
moderate densities between 14.79 and 15.96 L-1. Across all sampling depths, mean 
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General infection was high, ranging between 13.85 and 5.85%, and mean Local 
infection ranged between 25.10 and 15.56%; indicating infections remained poised to 
develop, or were developing in a high proportion of the adult copepod population. 
The concentrated G. pectinatus population is typical for these copepods seeking low 
salinity conditions under summer temperatures (e.g. Bayly 1965). In the middle 
estuary section, G. pectinatus concentrated at -1.83 m where densities were 8.24 L-1. 
A temperature decrease with increasing depth probably contributed to concentrate the 
population within the temperature-salinity conditions therein. Across the three sample 
depth zones, mean General infections ranged between 0.78 and 7.94%, while mean 
Local infection ranged between 4.52 and 12.02%. Notably, General and Local 
infection was highest near the surface, where mean density remained low at 1.49 L-1.   
At the lower estuary section, the water column was well oxygenated throughout, and 
salinity at -1.83 m approached that of seawater, indicating a recent tidal intrusion. 
Mean copepod abundance remained similarly very low at ~ 1.0 L-1 across all depths, 
and General and Local infections were low.  
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  General (%)          Local  (%)                  Density.L-1  
     
         Physicochemical parameter G. pectinatus infection level and density (x̄ ± σ) 
 
 
 
Upper  
  Salinity 
   
  Dissolved oxygen (mg.L-1)  
 
  Temperature (°C) 
                                                                                                                         5.85 ± 6.61           15.56 ± 9.58         15.96 ± 6.53                                                                                                                                                
df 
                                                                                                0.78 ± 1.10             4.52 ± 5.50          1.10 ± 0.96                                                                                                             
df 
                                                                                                2.06 ± 1.81             4.72 ± 2.68           8.24 ± 7.54                                                                                                             
df 
                                                                                                7.94 ± 2.32            12.02 ± 14.14       1.49 ± 1.40                                                                                                             
df 
                                                                                13.47 ± 3.35          18.10 ± 3.25         14.65 ± 10.14                                                                                                                                                 
df 
                                                                                         10.28 ± 2.75           25.10 ± 10.69      14.79 ± 2.22                                              
 
                                                                                                1.97 ± 1.14             4.94 ± 3.97           0.97 ± 0.33                                                                                                               
df 
                                                                                                2.65 ± 1.43             2.65 ± 2.20           0.97 ± 0.31                                                                                                             
df 
                                                                                                1.13 ± 1.22             3.18 ± 0.17          1.00 ± 0.47                                                                                                               
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Figure 4.5.3a  January 2008 vertical profile of the physicochemical parameters, adult 
Gladioferens pectinatus ZoopIIV infection levels and abundance within upper, middle and lower 
Hopkins River estuary.  
Anoxia restricts zooplankton to <4.0 m (upper, middle) and conditions therein. For reference purposes, 
physicochemical values at the estuary surface (0.00 m) are a continuum from depth 0.5 m where 
profiling was initiated. Sample depth-zones (refer to Figure 4.4.3) are indicated in blue and the 
corresponding G. pectinatus mean infection and abundance values of three replicate plankton tows are 
provided. Temperatures >23 °C (dashed line) are associated with an increased General infection level 
across the host-population (Figure 4.5.2).  
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The following March 2008 results are presented in Figure 4.5.3b:  
The maximum average daily flow indicated a gradual reduction of freshwater inflow 
to the Hopkins estuary since January, to 7.12 ML in March (Victorian Water 
Resources Data Warehouse, 2013; Figure 13), which contributed towards 
stratification and slightly reduced salinity conditions above ~ 2.0 m across the entire 
estuary. Due to anoxic conditions, G. pectinatus were most prevalent at depths <3.5 
m within the upper estuary, and <4.0 m across the remaining lower sections. The 
estuary mouth was open, and anoxic conditions indicated a lack of tidal marine-water 
intrusion at the middle estuary site and further upstream. In comparison to January 
2008, much lower adult G. pectinatus densities in March indicated a lack of copepod 
breeding and/or recruitment success from previous months, throughout the entire 
estuary. ZoopIIV infection through the adult population appeared to contribute to the 
density reduction; certainly by increasing host-mortality and probably also by 
impeding reproduction success (Appendix 2). 
Within the upper estuary, adult G. pectinatus density was low-moderate, ranging 
from 0.59 L-1  from just above the anoxic zone ( >3.5m) to 3.8 L-1 and 4.34 L- at 
depths 1.83 m  and 0.43 m respectively. Mean General infection ranged between 1.52 
and 3.88% and had substantially reduced since January, while the mean Local 
infection rate was constant ~5.5% across the three depths. G. pectinatus densities 
were highest at depths <2 m, which may be attributed to conditions therein.  
In the middle estuary section, G. pectinatus were restricted to depths <4 m due anoxic 
conditions below, and copepod mean densities were low, ranging between 0.63 at 
depth 3.2 m to 1.76 L-1 near the surface.   Population mean General infections 
remained low at <0.99% while mean Local infection ranged between 2.02 and 3.87%. 
Temperature remained almost constant, gradually dropping with increasing depth, 
from 22.5 °C near the surface to 20.72 °C at -4 m, however a halocline between 1 and 
4.5 m increased salinity levels from 24.2 - 33.2 respectively. The reduced salinities 
higher in the water column were likely to influence copepod distribution and density 
vertically (sensu Bayly, 1965; Figure 11).     
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At the lower estuary section, the water column was well oxygenated until anoxic at 
depth 4 m. A moderate halo- and thermocline occurred between 1.5 and 2.5 m. 
Temperature remained <21.2 °C and decreased to ~18°C at depth 4 m. Mean copepod 
abundance remained similarly low, with densities of 2.33 L-1 at 0.43 m and <0.90 L-1 
at 1.83 and 3.2 m.  The General and Local infection level remained very low.  
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         Physicochemical parameter G. pectinatus infection level and density (x̄ ± σ) 
 
  Salinity 
   
  Dissolved oxygen (mg.L-1)  
 
  Temperature (°C) 
General (%)           Local (%)                Density. L-1  
     
Lower   
 
Middle  
                                                                                              0.62 ± 0.60             2.02 ± 0.89         0.63 ± 0.13                                                                                                            
df 
                                                                                              0.99 ± 0.35            3.87 ± 0.77          1.32 ± 0.30                                                                                                            
df 
                                                                                              0.48 ± 0.61            2.98 ± 1.99          1.76 ± 0.21                                                                                                             
df 
 
Upper  
                                                                                             1.52 ± 0.54             5.57 ± 3.51          0.59 ± 0.16 
                                                                                             2.51 ± 1.75             5.07 ± 2.94          3.80 ± 1.74                                                                                                                                                 
df 
                                                                                             3.88 ± 3.56             5.60 ± 3.83          4.34 ± 3.14                                              
 
                                                                                               0.00 ± 0.00             1.58 ± 2.22         2.33 ± 2.67                                                                                                               
df 
                                                                                               0.14 ± 0.24             1.99 ± 2.06         0.90 ± 0.18                                                                                                              
df 
                                                                                               0.00 ± 0.00             0.48 ± 0.84         0.76 ± 0.24                                                                                                               
df 
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Figure 4.5.3b  March 2008 vertical profile of the physicochemical parameters, adult 
Gladioferens pectinatus ZoopIIV infection levels and abundance within upper, middle and lower 
Hopkins River estuary.  
Anoxia restricts zooplankton to <3.5 m (upper) and <4.0 m (middle, lower) and conditions therein. For 
reference purposes, physicochemical values at the estuary surface (0.00 m) are a continuum from depth 
0.5 m where profiling was initiated. Sample depth-zones (refer to Figure 4.4.3) are indicated in blue 
and the corresponding G. pectinatus mean infection and abundance values of three replicate plankton 
tows are provided. Temperatures >23 °C (dashed line) are associated with an increased General 
infection level across the host-population (Figure 4.5.2). 
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The following January 2010 results are presented in Figure 4.5.3c:  
The maximum average daily flow of freshwater into the Hopkins River estuary was 
low at just 13.82 ML (Victorian Water Resources Data Warehouse, 2013; Figure 13), 
which contributed towards strong stratification in the upper estuary and reduced 
salinity conditions above ~ 3.0 m in the middle and lower estuary. Due to anoxic 
conditions, the G. pectinatus population was probably restricted to <4.0 m at the 
upper and middle estuary, and <3.5 m at the lower site. Anoxia also indicated a 
previous lack of any significant wave-overtopping and marine tidal-water intrusion at 
the lower reach. Adult G. pectinatus density was extremely-low, generally at <1 L-1 
throughout the entire estuary, and ZoopIIV infections indicted virus persistence.  
At the upper estuary adult G. pectinatus densities were extremely-low at <0.23 L-1 
across all depths. Population mean General infection level was low <0.58% and the 
mean Local infection level ranged between 1.85 and 3.81% across the three depths. 
Water temperature increased sharply with stratification and a corresponding 
thermocline and corresponding chemocline (halo & oxy) between 0.5 and 1.5 m. 
Mean temperature and salinity between 1.0 and 3.5 m (where dissolved oxygen levels 
were sufficient for zooplankton), was 24.74 °C and 22.66 respectively. The high 
temperature-salinity (energy demanding) conditions were probably inadequate for G. 
pectinatus, particularly while hosting ZoopIIV.  
   In the middle estuary, G. pectinatus densities remained <0.60 L-1 for all depths. 
Population mean General infection level was low at <1% and mean Local infection 
level ranged between 2.04 and 3.49% across the three depths. The water column was 
well mixed vertically to -3.0 m however; a strong thermocline and corresponding 
chemocline were evident between 3 and 4 m, with anoxic conditions below. Mean 
respective temperature and salinity was constant ~20 °C and 23.18 and the water 
column was well-mixed down to -3.0 m.  
 At the Lower estuary, G. pectinatus densities remained <1.08 L-1 for all depths. 
Population mean General infection level was low at <0.30% and mean Local 
infection level ranged between 1.67 and 2.57%. The water column was well mixed 
vertically to -2.0 m and a weak thermocline and corresponding chemocline were 
evident below -2.0 m; while anoxia <3.5 m defined the more-habitable zone above.  
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Stable cooler water temperatures ranging between 17.6-18.0 °C throughout the 
habitable pelagic zone probably supported the observed slight increase in G. 
pectinatus density in comparison to the other higher estuary sections with warmer 
water.  
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         Physicochemical parameter G. pectinatus infection level and density (x̄ ± σ) 
 
 
 
 
 
Upper  
Middle  
Lower   
  Salinity 
   
  Dissolved oxygen (mg.L-1)  
 
  Temperature (°C) 
                                                                                             0.00 ± 0.00              1.85 ± 3.21          0.23 ± 0.21 
                                                                                             0.00 ± 0.00              1.67 ± 1.85          1.08 ± 0.66                                                                                                               
df 
                                                                                             0.00 ± 0.00              1.89 ± 3.27          0.27 ± 0.06                                                                                                              
df 
                                                                                             0.30 ± 0.52              2.57 ± 1.41          0.68 ± 0.35                                                                                                               
df 
                                                                                              1.01 ± 1.75             3.49 ± 0.48          0.60 ± 0.42                                                                                                             
df 
                                                                                              0.00 ± 0.00             2.92 ± 2.61          0.36 ± 0.24                                                                                                             
df 
                                                                                              0.00 ± 0.00             2.04 ± 2.45          0.63 ± 0.73                                                                                                             
df 
                                                                                             0.00 ± 0.00              3.81 ± 3.51          0.10 ± 0.04                                                                                                                                                 
df 
                                                                                            0.58 ± 1.01               2.80 ± 2.52          0.16 ± 0.06                                              
General (%)           Local (%)                Density. L-1  
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Figure 4.5.3c  January 2010 vertical profile of the physicochemical parameters, adult 
Gladioferens pectinatus ZoopIIV infection levels and abundance within upper, middle and lower 
Hopkins River estuary.  
Anoxia restricts zooplankton to <4.0 (upper, middle) and <3.5 m (lower) and conditions therein. For 
reference purposes, physicochemical values at the estuary surface (0.00 m) are a continuum from depth 
0.5 m where profiling was initiated. Sample depth-zones (refer to Figure 4.4.3) are indicated in blue 
and the corresponding G. pectinatus mean infection and abundance values of three replicate plankton 
tows are provided. Temperatures >23 °C (dashed line) are associated with an increased General 
infection level across the host-population (Figure 4.5.2). 
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The following March 2010 results are presented in Figure 4.5.3d:  
The maximum average daily flow of freshwater into the Hopkins River estuary 
gradually increased from 13.82 in January to 15.41ML in March (Victorian Water 
Resources Data Warehouse 2013; Figure 13), which contributed reduced salinity and 
moderate-high temperature conditions throughout the estuary. Due to anoxic 
conditions, G. pectinatus were probably restricted to <5.0 m at the upper and middle 
estuary, and <3.5 m at the lower site. Anoxia also indicated a lack of any significant 
wave-overtopping and marine tidal-water intrusion, probably since January (two 
months earlier). Adult G. pectinatus population densities were putatively-recovering 
across the entire estuary and its population was rebuilding; ZoopIIV infections 
remained, indicating virus persistence. 
At the Lower estuary, G. pectinatus densities were lower than the middle and upper 
estuary, ranging between 2.0 and 2.69 L-1. The water column was well-mixed to -
3.0m and anoxic below -3.5 m, thus defining the more-habitable zone above. 
Population mean General infection level was very low at <0.21% and mean Local 
infection level ranged between 0 and 0.49% across the three depths sampled. Water 
temperature decreased from 21.84 to 19.62 °C while salinity remained stable between 
17.5 and 18 down to depth 3.0 m. The temperature-salinity conditions almost 
replicated those at which the isosmotic point (i.e. minimum energy expenditure) was 
determined for G. pectinatus (see Brand & Bayly (1971). 
At the upper estuary adult G. pectinatus had concentrated, and mean densities 
increased from <0.23 L-1 (the previous January) to range between 8.27 and 9.98 L-1 
across all depths. The General infection level was low <0.82% and Local infection 
level ranged between 2.90 and 4.34% across depths, indicating ZoopIIV persistence. 
Throughout the sampled depth zone (<3.5 m), water temperature remained moderate-
high between 22.4 and 24.4 °C; however, lower salinities between 15 and 19.1 
provided suitable conditions for G. pectinatus population recovery (sensu Bayly, 
1965). Notably, Brand & Bayly (1971) found the salinity at which the G. pectinatus 
body fluid became isosmotic (minimal energy expenditure for osmotic work) at a 
salinity of 18 when held at 19 ± 0.5 °C. Thus added energy resources may have been 
available for G. pectinatus survival, reproduction and combating disease (as 
hypothesized by Williams et al. 2005).   
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In the middle estuary, G. pectinatus mean density was lowest near the surface (1.78 
L-1), where water temperature was highest. Population mean General infection level 
was low at <1.79% and mean Local infection level ranged between 4.78 and 6.34% 
across all depths sampled. Temperature vertically decreased from 23.1 at the surface 
to 19.93 °C at -3.5 m, providing more favourable temperature-salinity conditions for 
G. pectinatus with depth, which corresponded with a density increase to 4.74 and 
4.05 L-1 at -1.83 m and -3.2 m respectively. 
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         Physicochemical parameter G. pectinatus infection level and density (x̄ ± σ) 
 
  Salinity  
   
  Dissolved oxygen (mg.L-1)  
 
  Temperature (°C) 
General (%)           Local (%)                Density. L-1  
     
 
Middle  
                                                                                             1.15 ± 1.36             4.78 ± 2.57          4.05 ± 0.34                                                                                                            
df 
                                                                                             1.25 ± 1.13             5.99 ± 0.54          4.74 ± 3.04                                                                                                             
df 
                                                                                             1.79 ± 1.76             6.34 ± 1.87          1.78 ± 0.77                                                                                                             
df 
 
Upper  
                                                                                             0.13 ± 0.22             2.90 ± 2.79           8.88 ± 6.21 
                                                                                             0.30 ± 0.51             4.34 ± 0.73           9.98 ± 3.87                                                                                                                                                 
df 
                                                                                             0.82 ± 0.84             4.30 ± 1.22           8.27 ± 1.74                                              
 
                                                                                               0.00 ± 0.00             0.49 ± 0.84          2.59 ± 1.21                                                                                                               
df 
                                                                                               0.21 ± 0.37             0.32 ± 0.56          2.69 ± 1.88                                                                                                              
df 
                                                                                               0.00 ± 0.00             0.00 ± 0.00          2.00 ± 1.20                                                                                                               
df 
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Figure 4.5.3d March 2010 vertical profile of the physicochemical parameters, adult 
Gladioferens pectinatus ZoopIIV infection levels and abundance within upper, middle and lower 
Hopkins River estuary.   
Anoxia restricts zooplankton to <5.0 m (upper) and <3.5 m (lower) and conditions therein. For 
reference purposes, physicochemical values at the estuary surface (0.00 m) are a continuum from depth 
0.5 m where profiling was initiated. Sample depth-zones (refer to Figure 4.4.3) are indicated in blue 
and the corresponding G. pectinatus mean infection and abundance values of three replicate plankton 
tows are provided. Temperatures >23 °C (dashed line) are associated with an increased General 
infection level across the host-population (Figure 4.5.2). 
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Figure 4.5.4  Inter-annual comparison of maximum mean daily flow for the lower Hopkins 
River 
Source: Victorian Water Resources Data Warehouse (2013); Hopkins Falls site (Site code 236209). A 
maximum mean daily flow rate above 4000 ML (dashed line) completely flushes the Hopkins River 
estuary of saltwater (Sherwood 1988; Newton 1994). When sampling in November 2010, in the upper 
estuary between the Pass and Tooram Stones (Figure 4.4.2), anoxic water at depth ~1 m became mixed 
through the surface water by strong wind, causing a fish kill in the upper estuary. The loss of large 
fishes, were probably also indicative of mesozooplankton and larval fish losses. Conversely, in 
October and November 2011 (closed estuary mouth), the upper estuary remained cooler and was well-
mixed to >4 m (providing stable habitable conditions to depth); G. pectinatus (all life-stages) and 
larval A. butcheri populations were in the best observed densities, with low levels of advanced 
ZoopIIV infection within the copepod population (also refer to GHCMA 2011). 
 
 
92  
 
Were temperature-salinity conditions of the current study energetically 
conducive to combating ZoopIIV [HR] infection? 
The daily energy cost for osmoregulation by copepods can be significant; for 
example, hyperosmotic stress in Tigriopus californicus (Baker) was estimated 
(conservatively) to use 11.6 and 23.4% of its daily energy with the subsequent 
synthesis and metabolism of amino acids, specifically alanine and proline (Goolish & 
Burton 1989). Alanine and proline are proportionally-significant components of the 
amino acid complex of invertebrate iridescent viruses (Glitz et al. 1968), thus there 
may be a link with IIV replication and host-osmoregulation. Notably, G. pectinatus 
employs hypo- and hyper- osmotic regulation to uphold its euryhaline existence 
(Brand & Bayly 1971); and probably utilizes considerable energy resources in the 
process (although unstudied).  
Temperature-salinity (T-S) conditions utilized by G. pectinatus during this study were 
also analysed against Bayly’s T-S regression model, which describes the G. 
pectinatus distribution in the Brisbane River estuary relative to temperature-salinity 
conditions (Figure 4.5.5). Where Hopkins estuary T-S values majorly diverged from 
the Bayly regression line, particularly for values above, the associated increase in 
osmoregulation energy cost may not have been conducive to mounting an effective 
immune response by Hopkins estuary G. pectinatus (Figure 4.5.5). A polynomial 
model, which best fitted the Hopkins T-S data (S= 0.2364 T2 -11.423T + 158.51; R2 = 
0.149) from the current study indicated T-S conditions were high overall for Hopkins 
River G. pectinatus than reported by Bayly (1965) for the Brisbane River population 
(Figure 4.5.5). The comparatively elevated temperatures were likely to increase 
ZoopIIV [HR] morbidity (indicated in Figure 4.5.2) and reduce adult G. pectinatus 
density, their reproduction capacity and thus juvenile recruitment. The analysis 
suggests that overall, T-S conditions diverged substantially from the isosmotic point 
for G. pectinatus (Brand & Bayly 1971) and were probably energetically sub-
optimum (Figure 4.5.5). Consistent increased estuarine temperature and salinity 
conditions that may arise from climate change, may result in increased disease, a 
suppressed G. pectinatus population and perhaps eventually local extinction. 
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Figure 4.5.5  Temperature-salinity values from where Hopkins estuary Gladioferens pectinatus 
were captured and comparison to its T-S distribution model from Bayly (1965).  
Median temperature and salinity values were derived from each vertical sampling zone within each 
month and year (Figures 4.5.3a to 4.5.3d). Under higher temperatures (e.g. >23 °C) when host-
metabolism is increased, location T-S values which are much higher than the Bayly regression line, 
would result in an increased osmoregulation and respiration energy cost to G. pectinatus; thus less 
energy-resources may be available for suppressing ZoopIIV infection development (sensu Williams et 
al. 2005) and/or temperature-conditions were optimum for ZoopIIV [HR] replication, as indicated in 
Figure 4.5.4. The polynomial model fitted to the Hopkins River estuary T-S data, indicates deviation 
from the Bayly regression line, and suggests T-S conditions in the current study imposed a high energy 
demand to G. pectinatus. Values near the isosmotic point (Brand & Bayly 1971) indicate T-S 
conditions where there is probably a lower energy cost to G. pectinatus.   
 
A winter ZoopIIV epizootic in the Hopkins River mesozooplankton 
Iridoviruses putatively infected the epidermis of all Hopkins estuary copepods in 
August 2009 (winter); and strong infection, as indicated by blue-turquoise iridescence 
(which became opalescent following sample preservation), signified advanced 
infection in adult and copepodite stages of G. pectinatus (dominant species) and S. 
conflictus (Figure 5.3.3); including nauplii (no taxonomy attempted). ZoopIIV 10-
044192 and Chloriridovirus were detected by PCR from copepods from the lower 
estuary (Chapter 5). The winter infections differed from those of ZoopIIV [HR] 
which predominated in spring and summer, and infections were putatively-evident 
near or within the epidermis, rather than throughout the entire animal respectively. 
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Thus some ZoopIIVs may efficiently replicate under temperate conditions, while 
ZoopIIV [HR] may replicate most efficiently under sub-tropical conditions (i.e. 23-30 
°C). Therefore, it is probable that ZoopIIVs have the capacity to collectively reduce 
or suppress mesozooplankton population densities across the seasons. For reference, 
conditions in the lower estuary in August 2009 where samples were obtained were:  
water temperature 12.17 ± 1.09 °C, salinity 13.84 ± 7.69 and dissolved oxygen 6.73 ± 
2.09 mg.L-1 (mean ± SD), and upstream in the middle and upper estuary, salinity 
remained between 1.9 and 3.0 down to -2.5 m, with a thin brackish layer at 17.0-19.0 
at -3.0 m; and anoxia below -3.5 m. Outflowing freshwater surface flow corresponded 
with a maximum mean daily flow of 2996 ML (Fig 4.5.4). Oblique plankton tows 
obtained samples from depth 0 to 3 m. 
Suppressed zooplankton populations and copepodivorous larval fish survival 
 ZoopIIV [HR] infects the reproductive system in male and female G. pectinatus 
(Appendix 2) including the oocytes; thus infections result in an overall population 
reducing effect. Notably, Ricou (1975) found iridovirid infection in Tipula reduced 
reproductive success and adult recruitment and impacted the population rebuilding-
capacity in following years; while Marina et al. (2003) found IIV-6 ‘covert’ (not 
visibly detectible) infections in Aedes aegypti halved the reproduction success rate. 
Opalescence in the reproductive system of copepods may also indicate infection by 
ZoopIIVs (Chapter 2) and similarly may result in reducing host populations. 
Advanced iridescent ZoopIIV infections, as enumerated in adult G. pectinatus, were 
also identifiable in the copepodite stages III - V (with taxonomic assistance provided 
by Dr Kerrie Swadling in analysis of 2007-2008 copepod samples from the Hopkins 
estuary).  
For future disease investigations, nauplii, copepodite and adult copepods should be 
treated as separate populations because each is required in suitable densities to 
replenish its population, while also providing enough prey for dependent species, 
particularly for each metamorphic stage of copepod-dependent larval fishes (Gaughan 
& potter 1997); including A. butcheri (Willis et al. 1999; Williams et al. 2013).  
Throughout the current study period (2007-2010), Hopkins estuary larval A. butcheri 
recruitment to juvenile year-classes was low or non-apparent; as reported from stock 
assessment by Conron et al. (2012).  However, successful spawning occurred in 
spring 2011 and high larval A. butcheri abundances and stable-conditions (feeding 
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and environmental) provided conditions ideal for successful recruitment (GHCMA 
2011; Roennfeldt pers. obs.). A strong 2-year old A. butcheri year-class observed in 
February 2013, indicated successful juvenile-recruitment had occurred from the 2011 
spawned cohort (Roennfeldt pers. obs.). Successful spawning by A. butcheri occurred 
in most years, according to larval A. butcheri presence in samples collected in spring 
2007/early 2008 and in November 2009, although subsequent survival and juvenile-
recruitment remained poor (Conron et al. 2012; Roennfeldt et al. unpublished data). 
In addition to major flood events, which completely flushed the estuary (Fig 4.5.4), 
an inadequate prey density probably determined larval A. butcheri survival and the 
level of juvenile recruitment.  
For example (Roennfeldt, Robertson et al. unpublished data): in November 2009, 
larval A. butcheri maximum mean densities were 0.49 and 0.33 L-1 at -1.83 m where 
they had vertically concentrated in the upper and middle estuary respectively; then 
majorly decreased to <0.0007 L-1 the following month throughout the estuary (i.e. a 
numerical reduction of 7600 to 20 individuals in respective monthly samples). It is 
unlikely they successfully recruited to juvenile year-classes, based on the report by 
Conron et al. (2012), and low abundances of prey.  Corresponding adult G. pectinatus 
mean density at -1.83m for the upper and middle estuary was 6.66 and 8.57 L-1 in 
November ‘09, which reduced to 4.92 and 1.8 L-1 in December ‘09, then to 0.10 and 
0.36 L-1 in January ’10 (Figure 4.5.3c) at each respective location. Hopkins estuary G. 
pectinatus density in the current study was very low when compared to Newton 
(1994) who found mean maximum densities of 87 and 50 L-1  in winter and early 
summer respectively, during 1983-85; and calanoid nauplii were 225 L-1 in early 
summer. The very low adult G. pectinatus densities during the current study were 
probably unable to produce enough nauplii and copepodite prey (or replenish the 
resting-stage egg bank) to support growth and subsequent recruitment by larval A. 
butcheri to the juvenile year-class, even if environmental conditions and disease level 
became permissive. In January 2010, ZoopIIV [HR] infections were also observed at 
high levels (~30%) in adult G. pectinatus immediately post capture, which was not 
adequately reflected in Figure 4.5.3c results; probably due to post sampling 
preservation, and sample storage conditions (refer to Chapters 2 & 5). Additionally, 
ZoopIIV infections in the prior winter (2009) which resulted in copepod morbidity of 
~100%, probably additionally contributed to the almost totally depleted G. pectinatus 
population in January 2010 (e.g. Figure 4.5.3c). 
96  
 
Future studies should expand analysis utilizing the dominant population densities to 
further-understand temperature, salinity, and their interaction effects on disease 
development in dominant and ecologically significant mesozooplankton. As indicated 
herein, temperature alone is probably adequate for inclusion in predictive models 
which determine ZoopIIV [HR] disease development and likelihood of epizootics in 
host G. pectinatus populations. This important finding may be applied to other 
mesozooplankton populations hosting ZoopIIVs. Temperature affects nearly all 
biological process rates, from biochemical kinetics to species generation time, with 
higher temperatures typically resulting in higher rates until an optimum is reached; 
above which, rate processes usually decrease rapidly (Kingsolver 2009; in De 
Senerpont Domis et al. 2012). Temperature changes are predicted to have a major 
impact to future marine zooplankton communities (Richardson et al. 2012), even 
without inclusion of disease as a factor; although disease will probably have added 
effects. Furthermore, towards 2050, phytoplankton biomass is predicted to generally 
increase around Australia and likely lead to higher zooplankton biomass (Richardson 
et al. 2012); ZoopIIV infections and other diseases which develop in zooplankton 
under increased temperature conditions, may suppress grazing mesozooplankton 
communities and allow phytoplankton even greater dominance in the plankton, 
contributing to further phenological change. Suppressed host-mesozooplankton 
densities resulting from hosting ZoopIIVs may alter nutrient, phosphate and carbon 
cycles, and warming conditions associated with a changing climate may provide a 
longer growing seasons for phytoplankton (sensu: De Senerpont Domis et al. 2012), 
yet also attenuate conditions where ZoopIIVs may thrive in host populations. 
Reduced copepod densities that coincide with greater incidence of blooms by 
phytoplankton and cyanobacteria may be indicated by recent blooms occurring across 
southern Australia in marine and freshwater ecosystems (Harris & Stokes 2013); 
including in recent years, the Hopkins estuary and nearby Merri River estuary and 
lakes of Western Victoria, whose zooplankton populations host ZoopIIVs.  
A change to host copepod physiological function was also indicated by behavioural 
change with advanced ZoopIIV [HR] infections; an escape response was delayed or 
completely-lacking when disturbed, and some hosts showed inability for self-
maintenance (Personal observation; Figure 4.5.6). Additionally, swimming efficiency 
(and body-orientation coordination) was abnormal in copepods with advanced 
ZoopIIV infections; which was probably related to viral super-abundances within 
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host infection sites (Appendix 2). High virion abundances in key ion and gas 
exchange tissue (e.g. epithelium; Péqueux 1995) may also limit systemic respiration 
efficiency and contribute to host-lethargy. An example is provided from ZoopIIV 
infected Boeckella triarticulata (Figure 4.5.6) - another osmoregulator belonging to 
the same family as G. pectinatus, (Centropagidae), which is common to inland fresh-
brackish (S<~25; Bayly 1972) aquatic environments of southern Australia. 
Interestingly, phototaxis is often somewhat-retained in copepods with advanced 
ZoopIIV [HR] infection (when viewed under light microscope). Thus, ZoopIIVs that 
replicate and reach maximum densities while maintaining the host live, by not 
destroying vital processes until the host ‘end point’ (Hurst 2011), may provide near-
perfect examples of infectious, persistent viruses.  
Copepod behaviour changes with advanced ZoopIIV infection, when translated to the 
host-population level (e.g. during epizootics), may enhance virus transmission, 
transportation and persistence, and alter biogeochemical cycles and trophodynamics. 
For example, by mass-restricting deil vertical migration, or causing host-sinking and 
deposition (to settle within pelagic strata or on the benthos). Daase et al. (2013) and 
references therein, describe the accumulation of dead Calanus spp. within pelagic 
strata and depth-zones in the Arctic Ocean, estuaries and fjords in winter; and viral 
infections are proposed as contributors to the described ‘non-consumptive copepod 
mortality’. Notably, behavioural change has also been recorded for terrestrial isopods 
infected by iridovirids (Wijnhoven & Berg 1999), and lethargy has been described for 
fish and mosquito larvae hosting iridovirids (Williams et al. 2005). 
The transmission of ZoopIIVs is another important and required research component. 
G. pectinatus produces resting stage eggs, which provides temporal replenishment to 
its respective zooplankton populations (Hall & Burns 2001). Therefore, because 
ZoopIIV [HR] infects the female G. pectinatus reproductive system (Appendix 2), 
virus transmission from mother to resting stage eggs may occur; and warrants further 
investigation to understand the “lifecycle” of ZoopIIVs within host populations and 
across aquatic environments. Systematic penaeid viruses are suspected to have their 
virions transferred with lipids into the ovaries of brood stock, where they become 
positioned beneath the vitelline membrane, making external-sterilization of spawned 
eggs ineffective (Owens 2011). Routes of transmission by ZoopIIV vectors and 
intermediate-host species (e.g. perhaps insects, dinoflagellates, fish, nematodes, 
dinoflagellates, birds, mammals, and micro- and other meso-zooplankters) also 
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requires examination, particularly transmission routes that may be specific to each 
mesozooplankter life stage through oogenesis to resting stage eggs lying in the 
benthos, to transmission between adults (e.g. sexually). Furthermore, physical events 
(e.g. aquatic habitat interconnectivity with flooding) and environmental conditions 
that favour the re-distribution of viruses, virus transmission, a retained virion integrity 
and infectiousness while host-free (until re-infection; Chapter 2) also requires 
investigation. Following a winter ‘temperate’ flood in 2010 (Figure 4.5.4) the G. 
pectinatus population had begun to recover. However, a subsequent flood of tropical 
origin completely flushed the Hopkins estuary and the zooplankton were replaced by 
freshwater species in very low abundance and with advanced ZoopIIV infections. 
Thus ZoopIIVs are vectored by floods, and water temperature probably determines 
post-flood recovery periods by host-copepod populations. Importantly, ‘water’ is also 
a vector in its own right (Fabian et al. 2013). Thus, the “lifecycle” of ZoopIIVs and 
how it fits within the lifecycle of each important host species requires investigation to 
better-understand the flow-on ecological effects and for subsequently developing 
management strategies.   
Further understanding population recovery in host mesozooplankton is critical, for 
determining any match/mismatch and subsequent-provision of prey for 
copepodivorous larval fishes (e.g Cushing 1990). Copepod population recovery is 
dependent on juvenile copepod population recovery, which is in turn reliant on 
adequate adult copepod densities, a store of resting stage eggs, the capacity for adult 
reproduction, and supportive environmental conditions (which also influence the life-
stage progression rate). G. pectinatus is a true estuarine species (Bayly 1975), and as 
such, the Hopkins estuary population must undergo autochthonous population-
rebuilding following ZoopIIV [HR] epizootics. Estuarine zooplankton may therefore 
provide natural model host-populations to further our understanding of the wider 
effects of hosting ZoopIIV in other aquatic ecosystems, whose host-zooplankton 
populations are replenished from interconnecting aquatic habitats; such as 
interconnected freshwater habitats and marine environments where ocean currents 
may span thousands of kilometres, linking deep- and shallow stratum, oceans, states 
and countries (e.g. Rochford 1975). Inter-annual fluctuations in number and biomass 
of individual copepod species may vary considerably in estuarine and coastal 
populations (Mauchline 1998; p394) and the present study has indicated ZoopIIVs are 
likely to be contributing to those variations.  
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Optical detection of ZoopIIV host and habitat range  
By determining the various ‘iridescent’ signs of ZoopIIV infection associated viral 
Photonic Liquid Crystal (PLC) formation and reflected colour, the current author was 
able to determine discreet and overt signs of infection in zooplankton (Chapter 2). 
Following the Hopkins River estuary study, it was realized that ‘opalescence’ also 
indicated ZoopIIV infection within many mesozooplankters which was subsequently 
confirmed using G. pectinatus (see Chapters 2 & 5). Iridescent viral PLCs within 
copepods (particularly non-advanced infections) degraded upon host removal from 
the natural environment, during preservation, storage, or analysis which resulted in 
opalescence or totally colourless hosts (Chapter 2). Therefore, the previously 
presented infection-ecology study probably significantly underestimated morbidity.  
However, with the new understanding of viral PLC changes, analysis was undertaken 
using both opalescence and the iridescent colours associated with ZoopIIV infections, 
to investigate host-range and distribution. Samples were collected and analysed from 
freshwater, brackish and marine environments from across south-eastern Australia, 
including marine copepod samples from Antarctica (belonging to the Tasmanian 
Aquaculture & Fisheries Institute and Australian Antarctic Division). Just a small 
range of hosts from various aquatic habitats are presented to demonstrate the 
widespread ZoopIIV infection potential throughout the mesozooplankton in many 
aquatic ecosystems (Figures 4.5.6 to 4.5.22; Table 4.5.1).  
Analysis of individual copepods from samples revealed all mesozooplankton 
populations throughout south-eastern Australia and from Antarctica had signs of 
infections by ZoopIIVs. The opalescence and iridescence associated with viral 
infection was apparent in all species and many individuals analysed, including 
naupliar and copepodite stages. Hereafter please refer to Figures 4.5.6 to 4.5.22.    
During analysis it was also apparent that host-mesozooplankton are often subjected to 
co-infection by multiple parasites, such as dinoflagellates, ciliates, bacteria and fungi 
(observed in G. pectinatus alone); and often co-infections coincided with ZoopIIV 
infection development. Co-infection was at times obviously providing additional 
stress to zooplankton populations; co-reducing host population densities, and further 
retarding a population recovery. Parasite dominance shifts, as well as dominance 
shifts by virus type-species throughout the host population (Chapter 5) also probably 
occur. Additional information is provided beneath Figures 4.5.6 to 4.5.22.  
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Figure 4.5.6 Live Boeckella triarticulata demonstrate co-parasitism and epibiotic algae 
associated with hosts with differing ZoopIIV infection levels. From Lake Gillear 02/05/2010. 
Behavioural changes in hosts with advanced ZoopIIV infections are visibly-indicated by a lack of self-
maintenance and molting; corresponding with observed real-time reaction delays. Opalescence 
increases in reflection-intensity throughout limbs and is evident as a putative-association with ZoopIIV 
infections (whole copepod iridescence or opalescence). Appendages may somewhat mimic fibre optic 
waveguides (arrow). 
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Figure 4.5.7 Gladioferens pectinatus from Aire River estuary, Victoria (Feb 2010).  
Bar 1mm   
 
Figure 4.5.8  ZoopIIV [HR] infection (General) in female adult Gladioferens pectinatus (left) 
and differences between infected and putative-uninfected copepodites (right).  
All copepods are from the Hopkins River estuary (Jan 2008). Bar 1 mm 
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Figure 4.5.9 Gippslandia estuarina with advanced ZoopIIV infection (Hopkins R. estuary 2007-
2008).  
Fresh- deceased. Bar 0.5 mm 
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Figure 4.5.10  Temora turbinata with blue infection which was retained by some better-
preserved hosts. 
Lower inset: T. turbinata that were blue when live then lost their coloration with preservation, yet 
PLCs remained evident (Chapter 2). Site 4 (NSW, Figure 4.4.5). Formalin fixed. 
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Figure 4.5.11  Mitchell River estuary Oithona sp. (top) and Sulcanus conflictus (below) with 
strong opalescence within the pedigerous somites (captured 19/02/2010). 
~100% putative-morbidity throughout all mesozooplankton spp. and their life stages. Resembles 
ZoopIIV infections in G. pectinatus (e.g. in Chapter 5, Figures 5.3.2 & 5.3.3 (≈Mitchell R. estuary 
Oithona) and S. conflictus in lakes and estuaries in south-western Victoria. 
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Figure 4.5.12  Calanoid (above; not identified) and Labidocera sp. (Pontellidae; below) with 
strong opalescence across the pedigerous somites and throughout appendages.  
Many Labidocera were blue on capture then lost colour after preservation, which was noted for other 
species infected by ZoopIIVs (Chapter 2). Some Labidocera remained blue internally indicating 
potential ZoopIIV infection sites within.  NSW, Site 4 (Figure 4.4.5). Additional examination by EM 
could indicate colour-contribution by viruses, in addition to qPCR. 
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Figure 4.5.13 Euchaeta sp. with very strong internal opalescence within the pedigerous somites 
(arrow) and external opalescence across the epidermis and all limbs (Site 4, Figure 4.4.5). 
 Additional examination by EM could indicate colour-contribution by viruses, in addition to qPCR. 
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Figure 4.5.14 Oncaea venusta with strong opalescence in the legs, pedigerous somites and 
urosome. Ethanol preserved sample from Site 4 (Figure 4.4.5) 
 
 
Figure 4.5.15  Mecynocera clausi with very strong green iridescence within the pedigerous 
somites and strong opalescence across limbs.  
Host has undergone osmotic-rupture and oedema. Additional examination by EM could indicate 
colour-contribution by viruses, in addition to qPCR. 
Captured from Site 4 (Figure 4.4.5). 
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Figure 4.5.16  Copepod (not identified) with strong opalescence resembling advanced 
opalescent infections by ZoopIIVs (often putatively-associated with the reproductive system).  
Sappharinids and Tisbe may naturally produce strong opalescence (D. McKinnon pers. comm.) due to 
diffraction gratings within the cuticular integument (e.g. Parker & Martini 2006). However, this 
specimen provides a good example of strong-opalescence that also may also be associated with 
ZoopIIV infection in a well-preserved host (Chapter 2). Lateral (top) and dorsal (lower) views are 
provided. Anatomical opalescence in zooplankton may also be enhanced by viruses; intensifying the 
opalescent appearance. Additional examination by EM could indicate colour-contribution by viruses, 
in addition to qPCR. 
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Figure 4.5.17  Marine calanoid copepods from Port Fairy with strong opalescence within the 
pedigerous somites typical of ZoopIIV infection.  
Additional examination by EM could indicate colour-contribution by viruses, in addition to qPCR. 
Captured from 0-6m depth 15/02/2010 (not identified).  
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Figure 4.5.18  Marine Oithona sp. from Port Fairy with strong opalescence and iridescent 
turquoise (inset) (Chapter 2) (0-6m depth 15/02/2010). 
 
Figure 4.5.19  Paracalanus sp. with strong opalescence within the prosome and pedigerous 
somites. 
Additional examination by EM could indicate colour-contribution by viruses, in addition to qPCR. 
Exoskeleton rupture with osmotic pressure and oedema results in birefringence associated with virion 
PLC degradation (Chapter 2). From near Port Fairy (0-6m depth 15/02/2010) 
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Figure 4.5.20 Marine Oithona sp. with strong iridescent turquoise and opalescence.   
Additional examination by EM could indicate colour-contribution by viruses, in addition to qPCR. 
Enhanced opalescence in limbs is noticeable in zooplankton with advanced iridovirid infection. From 
near Port Fairy (0-6m depth 15/02/2010). 
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Figure 4.5.21  Daphnia with iridescent blue-green colours associated with infection by 
ZoopIIVs.  
Optical comparison between Daphnids also indicated strong-opalescence across the cuticle as 
indicative of ZoopIIV infection (e.g. lower image). Advanced stage ZoopIIV infection also causes the 
epidermis to become totally iridescent turquoise-green (observed in winter 2012; Warrnambool 
Botanic Gardens). Infections were also detected in Daphnids from ponds near Hamilton in western 
Victoria (June 2010), indicating a wide ZoopIIV distribution throughout freshwater mesozooplankton 
populations.  
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Figure 4.5.22 Calanoid copepods displaying very strong iridescent orange and opalescence 
throughout. 
Copepod belonging to either Euchaeta or Paraeuchaeta (above) and a calanoid (below) that was not 
identified. ZoopIIV PLCs also transform the host copepods to reflect iridescent orange (refer to 
Chapter 2), and this specimen also had retained blue coloration within the large appendage; However 
the iridescent orange colour should not be confused with less-reflective orange associated with 
dinoflagellate infection in copepods (e.g. Figure 4.5.23). Iridescent orange colour in mosquito larvae is 
associated with iridovirid infection and virions 160-200 nm in diameter (Williams 2008). Strong 
opalescence in the appendages is associated with ZoopIIV infection (e.g. Figure 4.5.6). Captured at site 
5 (Figure 4.4.5). 
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Figure 4.5.23  Temora turbinata with infection typical of parasitism by a Blastodinium 
dinoflagellate (for comparison with ZoopIIV).  
Many Oncaea venusta and Sappharinids were also heavily parasitized by dinoflagellates.  The balls of 
tissue at the ends of the limbs result from osmotic differences at or prior to exposure to preservation 
solution. Live Onceae parasitized by living dinoflagellates were used to verify the cause of appearance, 
which was consistent with descriptions in Skovgaard (2005) of parasitism by Blastodinium spp. 
Captured at Site 5 (Figure 4.4.5). 
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Table 4.5.1  Preliminary analysis of ZoopIIV distribution and infections in mesozooplankton 
using Bright field light microscopy 
Location  Collection 
date 
Zooplankter 
species 
Iridescent or 
opalescent 
Comments Preservation 
solution 
Painkalac 
Creek 
(Aireys Inlet) 
24/2/2010 -Gippslandia 
estuarina*  
-Sulcanus 
conflictus 
-Calanoid sp. 
Opalescent strong 70% EtOH 
Wingan Inlet 26/02/2010 -Gippslandia 
estuarina 
- Oithona 
Opalescent Very strong 70% EtOH 
Freshwater- 
brackish  
lakes  and 
ponds of 
western 
Victoria 
2009-2013 Boeckella 
triarticulata 
Sulcanus conflictus 
Oithona spp. 
Daphnia 
Iridescent  
 
Opalescent 
 
Opalescent  
Iridescent 
Advanced 
infections 
PS strong 
 
PS strong 
Advanced 
Analysed fresh 
Lakes: Gillear, 
Colac, Bullen-
Merri; 
Bridgewater; 
Allansford; 
Warrnambool 
Botanic Garden 
Glenelg River 
estuary 
 
Oct-Nov 
2011 
Gladioferens* 
pectinatus 
Boeckella sp. 
Sulcanus conflictus 
Opalescent 
 
Opalescent 
Opalescent 
PS strong 
 
 
strong 
Analysed fresh; 
for PCR (100% 
EtOH) 
Hopkins 
River estuary 
Oct-Nov 2011 
 
 
2007-2008 
Gladioferens* 
pectinatus 
Sulcanus conflictus 
Gippslandia 
estuarina 
Iridescent 
Opalescent 
Opalescent 
 
Iridescent 
Advanced  
Ch.6 
Strong 
 
Advanced 
Analysed fresh; 
for PCR (100% 
EtOH) 
 
PBF (5%) fixed 
 
Tarwin 
Landing 
11/2/2010 Unidentified 
copepods 
Opalescent  70% EtOH 
Portland 
harbour 
 Acartia tranteri 
Paracalanus sp. 
Oithona sp. 
Blue 
and opalescent  
Most 
copepods 
blue 
Analysed fresh 
Port Fairy 
marine 
15/2/2010 Calanoid spp. Opalescent Very strong 
developed 
Analysed fresh 
Storm Bay 
(Tasmania) 
Nov 2010 Neocalanus sp. 
Paracalanus sp. 
Iridescent blue/ 
turquoise 
TAFI; SEM 
attempt 
AAD 
Local  
advanced 
infections 
Live/formalin 
Broke West 
(Antarctica) 
05/02/06 Calanoid spp. Very strong 
opalescent/ 
& iridescent  
PS and legs; 
AAD 
Formalin 
 
Dominant species (*); pedigerous somites (PS) - where opalescence was detected. ‘Strong’ = strong 
reflection from viral PLCs, similar to G. pectinatus (Chapter 2). 
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4.6 Conclusions 
This study of Gladioferens pectinatus (an osmotic regulator) has highlighted the 
importance of further understanding the ecophysiology and epidemiology of 
mesozooplankton populations hosting ZoopIIVs. Host distribution analysis indicated 
ZoopIIVs infections are widespread throughout marine, estuarine and freshwater 
zooplankton. Therefore, infections that reduce or suppress other ecologically 
significant zooplankton species may also reduce dependent fish populations and 
result in phenological change. Sub-optimum environmental conditions, such as high 
salinity and temperature in conjunction with ZoopIIV infections were indicted to 
suppress zooplankton population densities and retard their recovery. Future changes 
in aquatic ecosystems associated with global warming are predicted to continue 
altering the size, structure and distribution of zooplankton populations. Thus, the link 
between ZoopIIV infection development, host-osmoregulation and sub-optimum 
conditions requires further investigation. The described viral co-infections and 
relationship between increasing temperature and advanced ZoopIIV [HR] infection 
morbidity are key findings that probably apply to many zooplankton populations and 
require inclusion to predictive climate change models.  
Furthermore, the observerations of host behavioural change with advanced ZoopIIV 
infections and host redistribution by floodwater, are useful for designing future 
studies into transmission and infection-ecology, biogeochemical cycling and 
trophodynamics. 
The discovery of ZoopIIVs in the mesozooplankton will impact on local, national and 
international management strategies for maintaining aquatic ecosystem services and 
food security. These initial results suggest that fisheries and aquatic food-webs may 
be managed from the bottom-up at the microbial level. The described correlation of 
ZoopIIV [HR] infection-development in copepods with temperatures >23°C and with 
sub-optimum temperature-salinity conditions are key findings that may assist 
associated management strategies. However, further investigations are essential using 
advanced optical and molecular assays to fully-understand impacts of ZoopIIVs in the 
mesozooplankton and for management of associated fisheries and ecosystems. 
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CHAPTER 5 
 
Co-development of optical and PCR assays for detecting Zooplankton 
Invertebrate Iridescent viruses in the mesozooplankton 
5.1 Abstract 
Copepods are mesozooplankton with an important role in aquatic food webs globally, 
particularly in driving fisheries recruitment and carbon cycling. Thus, infectious 
diseases capable of reducing and controlling their populations may have far reaching 
effects. Zooplankton Invertebrate Iridescent virus (ZoopIIV) is a newly identified 
zooplankton virus which can cause such disease, and herein is recognised to family 
Iridoviridae. ZoopIIV was first discovered infecting Hopkins River estuary 
Gladioferens pectinatus (Brady; Copepoda), whose infected organs and tissue 
reflected iridescent or opalescent colours. The present study describes the co-
development of optical and molecular methods used to verify and identify 
iridoviruses and associated disease in copepod hosts. Hopkins River ZoopIIV 
(ZoopIIV [HR]) full genome sequencing was performed and PCR primers developed.  
Primers were examined with real-time quantitative and conventional Polymerase 
Chain Reaction (qPCR and conventional PCR respectively) against three G. 
pectinatus composites: 1) ‘putative-uninfected’ and transparent, 2) ‘iridescent’ 
throughout, and 3) ‘opalescent’ within the pedigerous somites. Virion densities (No. 
of virions per µm2) for G. pectinatus exhibiting the three colour/appearance variations 
were also estimated using negative contrast electron microscopy (NCEM). Virion 
densities were undetectable in supernatant  from samples containing putative-
uninfected individuals, and were significantly higher (t-test: t8 = 18.206, P <0.001) in 
copepods with iridescence entirely-throughout, than those exhibiting opalescence 
within the pedigerous somites; densities ranged from 220.80 ± 49.95 to 830.80 ± 
194.90 and 0.66 ± 0.89 to 2.4 ± 2.07 (x̄ ± SD) per 1000 µm2  respectively. Three 
TaqMan qPCR assays were developed within the major capsid protein region of the 
ZoopIIV [HR] genome, which is only 65.4% similar to its closest currently-known 
relative.  qPCR assays were analysed against copepod homogenates from each group, 
which detected ZoopIIV [HR] nucleotide in all samples including those containing 
putative-uninfected copepods. The ZoopIIV [HR] TaqMan primers ZoopIIV [HR] F 
5’-TGTACCAGGTCCTATTGTGGATGT-3’ and ZoopIIV [HR] R 5’-
GTGCCTCCAGCAGCNACNA-3’ were also assessed with conventional PCR, 
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which produced amplicons with identical sequences. Therefore, ZoopIIV [HR] qPCR 
assays are appropriate for diagnostic qPCR and the primers are applicable for 
conventional PCR. The non-reactivity of ZoopIIV [HR] to two sets of generic primers 
for Iridovirus and Chloriridovirus, to which all invertebrate iridescent viruses 
currently belong, suggests it is a unique isolate. Additionally, two other new 
iridovirids were identified with conventional PCR, indicating other ZoopIIVs exist 
within copepod populations; highlighting a requirement for further co-development of 
both optical and molecular assays. The appearance of infections by ZoopIIVs, as 
described for host G. pectinatus herein, also present in copepods from freshwater 
estuarine, and marine environments. Thus, the co-development of optical and PCR 
assays is an important contribution toward optimizing techniques that reliably 
estimate the prevalence and ecological impact of ZoopIIVs in aquatic ecosystems.  
5.2 Introduction  
   The iridescent colour of crane fly (Tipula spp.) larvae resulted in Claude Rivers 
discovering the first invertebrate iridescent virus (Xeros 1954), and since that time, 
iridescence has exposed a wide range of invertebrate hosts (typically insects) with 
advanced stages of infection, from aquatic (freshwater, estuarine, marine) and damp-
terrestrial environments (Williams 1996; Wijnhoven & Berg 1999; Williams et al. 
2005; Tang et al. 2007; Williams 2008; Jancovich et al. 2012; Karasawa et al. 2012; 
Roennfeldt et al. unpublished data). Five genera collectively form family Iridoviridae 
(Chinchar et al. 2008; Jancovich et al. 2012).  Iridovirus and Chloriridovirus 
currently contain all invertebrate iridescent virus strains and species, and are 
distinctly different phylogenetic clades (i.e. monophyletic groups) from the vertebrate 
genera Ranavirus, Lymphocystivirus and Megalocytivirus; which clade separately yet 
share a common ancestor (Jancovich et al. 2012). 
   In 2007, iridescence was first observed in the copepod, Gladioferens pectinatus 
(Brady), within the Hopkins River estuary in Victoria, Australia. G. pectinatus were 
subsequently confirmed to be hosting iridoviruses in massive abundances (Chapters 2 
& 4). Iridovirid infections have persisted in Hopkins estuary copepods in all years 
since first discovery, thus ZoopIIVs are certainly enzootic to the host population. 
Furthermore, iridescence within copepodite and adult G. pectinatus highlighted 
conditions that favoured infection-development (Chapter 4).  A seasonal pattern in 
infection-development, together with infection sites within hosts, suggested seasonal 
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dominance by a single iridovirid species, ZoopIIV [HR] (Chapter 4). Subsequent 
investigations revealed other zooplankton species in many aquatic ecosystems are 
infected by ZoopIIVs (Chapter 4). 
Analysis of adult host G. pectinatus with TEM, and light microscopy (H & E thin 
sections and whole-copepod) detected ZoopIIV in epithelial cells; including 
connective tissue lining the midgut, organs and muscle tissue throughout, the male 
and female reproductive system (including developing oocytes), and secretory gland 
cells (Appendix 2). Advanced infections resulted in host organs, tissue and cells 
becoming indistinguishable with dense virion packing (Chapter 2; Appendix 2). 
Iridovirids that cause similar infections in other invertebrates invariably result in host 
mortality (Williams 2008). 
Many copepods species are transparent or semi-transparent. Host-transparency allows 
live observation and superior in vivo analysis of the spatial pattern of pathogenic 
invasion using optical analysis, such as in transparent fish infected by Microsporidia 
(Li et al. 2012) and copepods infected by protists (Kimmerer & McKinnon 1990; 
Skovgaard 2005; Chapter 4 herein) or iridovirids (Chapters 2 & 4).  ZoopIIV virions 
self-assemble to form Photonic Liquid crystals (PLCs) within their transparent 
copepod hosts, which typically reflect natural and transmitted light in iridescent 
colours of blue, turquoise, and occasionally violet, similar to other invertebrates 
hosting iridovirids (Chapter 2).  
Notably, in Florida (USA), the ‘opalescence’ of the freshwater daphnid Simocephalus 
expinosus, indicated infection by Iridovirus (Federici & Hazard 1975); it was the first 
report of an iridovirid in crustacean zooplankton. Similarly, Australian freshwater 
Daphnids (important in lake ecosystems) develop strong opalescence, and also 
iridescence entirely throughout, which is indicative of advanced iridovirus-induced-
disease (Chapter 4). Opalescence (i.e. light reflection across a colour spectrum, 
similar to gem opal) was also observed to develop in copepods, including G. 
pectinatus, often within the pedigerous somites (Figure 5.3.2), and sometimes in other 
sections of the anatomy or across the host entirely (Figure 5.3.3; Chapters 2 & 4). 
During current investigation of freshwater, estuarine and marine copepods, 
opalescence (e.g. Figures 5.3.2 & 5.3.3) was observed to develop in individuals from 
many species within each aquatic environment; thus along with iridescent signs of 
disease, viruses were indicated as present throughout most crustacean-
mesozooplankton populations.  
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Optical analysis remains one of the initial steps involved in identifying zooplankton 
potentially hosting iridovirids, and for subsequent infection-development analysis 
within hosts and throughout host-populations. A prior understanding of the natural 
appearance of the subject zooplankter when healthy at each life stage and for each sex 
is essential. Some copepod species naturally bioluminesce, have luminescent organs 
and secretion, or possess iridescence-reflecting anatomical structures (Chae & 
Nishida 1994; Parker 1995; Mauchline 1998) without being infected by iridovirids.  
Thus, the ability to differentiate between the iridescence and opalescence caused by 
invertebrate anatomical structures, viruses, or both, is important for optical detection 
of hosts, analysing disease-development in host populations, and for developing 
associated molecular assays. In invertebrates, multi-layered anatomical structures 
with diffraction gratings may reflect iridescent colour, such as in the cuticle of beetles 
and crustacean zooplankton, and in butterfly wings (Parker 1995; Parker & Martini 
2006; Johnsen 2001; Chapter 4). Opalescence may be produced by anatomical 
structures analogous to gem opal (e.g. Parker & Martini 2006; Seago et al. 2009). 
Photonic liquid crystals (PLCs) form when dielectric media, such as viruses, self-
assemble to produce layered, twisted and frustrated three dimensional structures, 
which are electrochemically stabilised and can restrict reflected light to a single 
iridescent colour (Chapter 2). Opalescence may be observed in PLCs that are 
optically anisotropic and birefringent (i.e. they have a refractive index that is 
dependent on polarisation and light direction). In comparison to PLCs that produce 
iridescence, PLCs that contribute to produce opalescence generally have less 
structural order (Chapter 2). Therefore a comparative optical method for deciphering 
the photonic colour-contributions of viruses within transparent zooplankton hosts was 
developed using bright field light microscopy (provided in Methods herein). 
TaqMan assays can be specifically designed with sequence-specific molecular probes 
(e.g. to genus or species level, or subtle regional differences within species) for 
sensitive detection of target nucleotide using real-time quantitative PCR. TaqMan 
qPCR is being used in current aquatic research to uncover the identity of microbes, 
algae and animals, and complex predator-prey and host-pathogen relationships (e.g. 
Töbe et al. 2010; Zerihun et al. 2011; Hunter et al. 2012). TaqMan qPCR reactions 
can rapidly amplify and quantify target nucleotide sequence with minimal 
experimental error and high detection sensitivity (e.g. Applied Biosystems 2006; 
VanGuilder et al. 2008). TaqMan PCR recently was used in detection of pathogen 
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DNA from formalin-fixed paraffin-embedded host tissue (e.g. mycobacteria; Zerihun 
et al. 2011). Thus, it provides an important co-diagnostic survey tool for sensitive 
detection of ZoopIIV in surveys and ecological studies. Anecdotal evidence suggests 
that iridovirids may have been infecting aquatic crustaceans throughout time, and that 
iridovirids may moderate zooplankton populations (as indicated by freshwater and 
estuarine zooplankton populations; Chapter 4). However, until recently zooplankton 
hosting iridovirids have remained almost entirely unnoticed. It is therefore imperative 
for the co-development of diagnostic optical and molecular assays specific to 
detection of ZoopIIVs to enable monitoring of infection within individuals and 
morbidity across host-populations. 
Molecular TaqMan qPCR and conventional PCR assays were co-developed using 
copepods with visible signs of ZoopIIV infection. This chapter describes the 
development and analysis of optical and concurrent real-time qPCR assays for 
effective analysis of ZoopIIV infection in copepod hosts. The experiment examines 
three ZoopIIV [HR] TaqMan assays for their amplification efficiency and 
quantification of target nucleotide using samples containing G. pectinatus with 
‘iridescent’ advanced infection (overt), ‘opalescent’ pedigerous somites (subtle), and 
without visible infection (‘putative-uninfected’). TaqMan qPCR assay primers were 
additionally assessed for their effectiveness in ZoopIIV [HR] detection with 
conventional PCR. 
Additionally, Assay-2 Cycle threshold (Ct) values were examine against 
corresponding virion densities (determined by NCEM) from iridescent and opalescent 
copepod homogenates, to assess ZoopIIV [HR] detection between samples and 
analytical techniques (i.e. through diagnostic stages, which included: host selection, 
virion enumeration (NCEM) and target nucleotide quantification (qPCR).  
Finally, other ZoopIIVs identified from opalescent copepods are also investigated. 
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5.3 Methods 
Molecular and optical assay co-development for detection of ZoopIIV [HR] and 
other iridovirids  
Semi-transparent adult Gladioferens pectinatus were compared using bright field 
light microscopy to determine natural appearance versus those exhibiting either 
iridescent or opalescent reflected colour which indicated potential infection by 
viruses. All light microscope imaging and copepod analyses were performed using 
transmitted light from an Olympus TL2 light source fitted with a halogen 6V, 15w 
GZ4 Philips globe (type 13528). Viral PLC-colour-contributions were determined by 
transmitting light and comparing: 
a) reflected colour,  
b) reflection intensity and  
c) colour-texture and symmetry between individuals of the same species, sex and life 
stage within any particular sample (i.e. animals held under the same conditions; live, 
newly-deceased or fixed in formalin/environmental water).  
Prior knowledge of copepod appearance while apparently healthy was essential, and 
specialist assistance was used to confirm the appearance of healthy, putative-
uninfected individuals (I. Bayly via K. Swadling, pers. comm.). For analysis, 
specimens were placed in a Petri dish containing water and analysed over a black 
background with water in-between; which reduced light reflection. Copepods were 
imaged and analysed under a Stemi 2000C dissection compound microscope fitted 
with a Canon PowerShot G6 7.1mp; and a Z16 APO A stereo Leica MacroFluoTM 
microscope with charge-coupled device camera (DFC300 FX).  
Initial attempts to identify ZoopIIV [HR]  with PCR were unsuccessful when using 
molecular assays specific to genus Iridovirus and Chloriridovirus, which reportedly 
detect all described invertebrate iridescent viruses (Chinchar et al. 2008; Jancovich et 
al. 2012).  Due to the lack of data from the above primers, Illumina technology was 
employed for larger-scale ZoopIIV [HR] sequencing. Then, using DNA sequence 
selected from a conserved region within the major capsid protein, three TaqMan 
qPCR assays and a conventional PCR assay were developed.  
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Host G. pectinatus were captured from the Hopkins River estuary on 28th November 
2010 for complete virus-genome sequencing and annotation by David Boyle and 
Dieter Boulach. Samples were contained in estuary water from the site of capture and 
immediately stored at ~2 °C until host copepod selection for analysis. They were then 
divided into aliquots containing either iridescent or opalescent (pedigerous somites) 
G. pectinatus in filtered estuary water (0.22 µm) and stored at -80 °C until later DNA 
extraction. Samples were thawed briefly at 37 °C, then one aliquot of each was 
processed for ZoopIIV [HR] total DNA extraction. Samples were homogenised by 25 
to 30 strokes in dounce homogenizers in Qiagen Genomic DNA extraction buffer G2 
with added RNase, and then underwent Proteinase K digestion for Genomic DNA 
purification. The DNA pellet was washed in 70% ethanol and dried, and then 20 µl 
from the iridescent sample and 40 µl of opalescent sample redissolved in TE buffer 
pH 8.0. ZoopIIV [HR] DNA extraction and subsequent Illumina genome sequencing, 
and sequence annotation were then performed by Dr. David Boyle and Dr. Dieter 
Boulach, respectively.   
From the complete genome coding sequence, Dr Hans Heine identified the ZoopIIV 
[HR] major capsid protein (MCP) gene and developed TaqMan primers and probes 
for conventional and qPCR assays. The Primer Express 3.0 program (Applied 
Biosystems) was used to aid the design and evaluation of three qPCR assays targeting 
the MCP gene. A conventional PCR assay was developed utilising primer sequences 
from two of the qPCR assays. Sample DNA was extracted using the QINamp Viral 
RNA Mini Kit (QIagen). All primers and probes are presented in Table 5.3.1 
Homogenized copepod supernatant was subjected to three qPCR assays, and 
conventional PCR’s using the positive (iridescent and opalescent) and putative-
uninfected samples. The sample preparation and validation procedure prior to PCR 
testing utilized adult G. pectinatus captured from the Hopkins River estuary on 
7/03/2011 that were sorted according to appearance.  
Copepods were rinsed five times in 50 µL Phosphate Buffered Saline (PBSa), then 20 
copepods for each sample within each category (iridescent, opalescent, and putative-
uninfected- i.e. without colour) were added to 100 µL PBSa and dounce 
homogenised. Each sample was then divided equally for PCR and virion 
presence/absence and density determination, using NCEM. Each sample portion 
retained for NCEM was clarified (with inspection at intervals) in a microcentrifuge at 
<13,500 rpm x for a total of ~ 20 seconds, then 5 µL of supernatant removed and 
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added to an Alcian blue activated hydrophilic copper grid for an adsorption period of 
5 mins; before removal of excess sample by blotting with filter paper. Each grid 
containing adhered sample was stained with NANO-W (2% sol’n) for 1 min, drained 
of excess solution and air dried. Grids were then analysed with a 120 kV JEM-1400 
transmission electron microscope (JEOL, Japan) fitted with a cooled, 2K x 2K 
charge-coupled device camera (‘Ultrascan 1000’, Gatan, Pleasanton, CA). All grids, 
with adhered sample from either positive (Iridescent and Opalescent) or with 
putative-uninfected (no colour) copepod homogenate was investigated for virion 
presence/absence. Presence/absence analysis for putative-uninfected samples was 
standardized to 20 minutes.  
For the two positive categories (i.e. iridescent and opalescent), five central grid-
squares were selected randomly for determination of virion density. For each grid 
square, virions were enumerated using a CCD camera within a 5.2 µm wide area from 
the inner grid-square perimeter, which served as a point of reference, corresponding 
with the camera’s field of view at magnification x 4000. Thus a standardized total 
area of ~1000 µm2 was analysed from each 50.5 x 50.5 µm (2550.25 µm2) grid-
square. The described method for virion enumeration was conceived by the current 
author. For statistical analysis, the mean virion number was compared between the 
two positive sample categories using a t-Test, following a log transformation (IBM 
SPSS Statistics v. 20). No virions presented in samples from the putative-uninfected 
category, thus they were excluded from statistical analyses. 
Using samples selected and validated for viral infection using bright field light 
microscopy and NCEM, real-time qPCR was undertaken by Dr Nick Moody to 
analyse qPCR assays 1, 2 & 3 (Table 5.3.1). Real time PCR was undertaken in a 25-
l final volumes. Each reaction mixture comprised 6.75 µL water, 12.5 µL TaqMan 
Universal PCR Master Mix (Applied Biosystems), 22.5 pmol of each primer, 2 µL of 
extracted DNA, and 6.25pmol fluorogenic probe. An Applied Biosystems 7500 FAST 
Real-Time instrument maintained the following thermal cycling conditions: 2 minutes 
at 50 C, 10 minutes at 95 C, 45 cycles of 15 seconds at 95 C and 60 seconds at 60 
C. Additionally the ‘Amplification efficiency’ for each TaqMan assay was 
determined using serial 10-fold dilutions of ZoopIIV [HR] sample ‘Irid 02’, which 
provided 6 template concentrations and a 5-log dilution-range. Additionally water 
without template was used as the negative control.  Applied Biosystems (2006) 
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describes the Power equation Ex = 10 (-1/slope) – 1 (Ex = efficiency of target 
amplification) and procedure. 
    Procedural effects may have impacted on target ZoopIIV [HR] nucleotide detection 
between validated samples with known virion densities. Thus Assay 2, which 
detected ZoopIIV [HR] similarly to Assay 1 and 3 (Table 5.4.1), was used to compare 
its qPCR Ct values against corresponding NCEM-derived virion densities from 
iridescent and opalescent copepod homogenates. For analysis, four samples within 
Iridescent and Opalescent categories had their mean virion density and corresponding 
mean CT value ranked, then compared in a duel y-axis histogram (Microsoft Office 
Excel 2007). The histogram in Figure 5.4.2, which indicates efficiency in virion and 
target nucleotide detection between samples and analytical techniques, was designed 
by the current author.  
Conventional PCR analysis, using primers designed for TaqMan assays (Table 5.3.1) 
was carried out by Dr Nick Moody, using Iridescent, Opalescent and putative-
uninfected G. pectinatus, and virus-free water (negative control). PCR was 
undertaken in a 25 l final volume containing 2 µL template, 12.5 l Hot Start Taq 
Master Mix (Qiagen) and 0.36 M each primer and incubated at 95°C for 15 minutes 
followed by 40 cycles of 95°C for 30 seconds, 55°C for 45 seconds and 72°C for 45 
seconds. Final extension was at 72°C for 7 minutes. Products in duplicate were 
electrophoresed through a 1.5% agarose gel in TAE buffer and amplicons visualised 
by staining with SYBR Safe DNA gel stain (Invitrogen) and blue-light 
transilluminator. Amplicons were excised from the gel, purified using the QIAquick 
Gel Extraction Kit (Qiagen) and sequenced.  The evolutionary history was inferred 
using the Neighbor-Joining method (Saitou & Nei 1987) and MEGA software 
(Tamura et al, 2007).    
Detection of other viruses of Iridoviridae while attempting to identify ZoopIIV 
[HR] by PCR 
In January, March and November 2010, copepods were captured from the Hopkins 
River estuary and sorted while alive, according to appearance (iridescence and 
opalescence).  Animals were homogenized using a disposable plastic pestle and 
1.5mL tube in a volume of approximately 100L. Samples were clarified by 
centrifugation at 13,200 rpm for 3 minutes at room temperature. Virus presence was 
confirmed by NCEM and nucleic acid was extracted using the QIAamp Viral RNA 
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Mini Kit (Qiagen) for conventional PCR. Primers employed in PCR for detecting 
Major Capsid Protein DNA for Iridovirus and Chloriridovirus, were sourced from 
Webby and Kalmakoff (1998) and Tang et al. (2007) respectively (Table 5.3.2). 
Reaction mixtures, of 25 l final volume containing 2 µL  template, 12.5 l Hot Start 
Taq Master Mix (Qiagen) and 0.36 M each primer were incubated at 95°C for 15 
minutes followed by 40 cycles of 95°C for 30 seconds, 45°C (Iridovirus primers) or 
50°C (Chloriridovirus primers) for 30 seconds and 72°C for 60 seconds. Final 
extension was at 72°C for 7 minutes. Products were electrophoresed through a 1.5% 
agarose gel in TAE buffer and amplicons visualised by staining with SYBR Safe 
DNA gel stain (Invitrogen) and blue-light transilluminator. Samples were tested in 
duplicate. Amplicons from the Iridovirus PCR for Sample W and Sample 2 were 
excised from the gel, purified using the QIAquick Gel Extraction Kit (Qiagen) and 
sequenced. Amplicons analogous to Chloriridovirus remain to be sequenced 
following assay optimisation (pers. comm. Nick Moody). 
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Table 5.3.1 TaqMan primers and probes designed for detection of ZoopIIV [HR] using 
conventional and qPCR (provided by Hans Heine and Nick Moody) 
Primer/Probe Sequence (5’ to 3’) Amplicon Size 
Assay 1 
D-563 ZoopIIV[HR] fwd GATGTTGTTGATCCAATGCTTGTT 
85 D-564 ZoopIIV[HR] rev  CCTGTTTCAACCTGTCGGAATT 
D-565 ZoopIIV[HR] prb  6FAM-TGATCCCATTTCCACGACAAGCTTAACGT-
TAMRA 
Assay 2 
D-566 ZoopIIV[HR] fwd TTTCGATATTGATCCTCTTGGTTCT 
102 D-567 ZoopIIV[HR] rev  GTGCCTCCAGCAGCAACAA 
D-568 ZoopIIV[HR] prb  6FAM-CAGTATTGCTCCTTCTGCTTCACCATCAGC-
TAMRA 
Assay 3 
D-569 ZoopIIV[HR] fwd TGTACCAGGTCCTATTGTGGATGT 
104 
D-570 ZoopIIV[HR] rev  CCTGTTTCAACCTGTCGGAATT 
D-571 ZoopIIV[HR] prb  TTGATCCAATGCTTGTTGCCAATGATCC 
Conventional PCR   
D-569 ZoopIIV[HR] fwd See above 303 
D-567 ZoopIIV[HR] rev See above 
 
Table 3.5.2  Primers used in detection of Chloriridovirus and Iridovirus in opalescent copepods 
and sample water 
Primer Sequence (5’ to 3’) 
 
Reference 
 Iridovirus            fwd  ACCATTACATTTAATGATTTGG Webby & Kalmakoff 
(1998)                               rev  TTTTGACGTGGTGCAGTTTGAAC  
 
Chloriridovirus   fwd  CGAGCGGGAGATTATTTGCTG  Tang et. al (2007) 
                              rev  GCTTGCCATAGTTGGTGGATC  
Generic primers were later provided by Trevor Williams and additionally utilised. 
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Figure 5.3.1  Iridescent Gladioferens pectinatus used in PCR assay analysis.   
Bar= 1 mm; Leica MacoFluoTM microscope colour image showing advanced ZoopIIV [HR] infection. 
Inset shows ZoopIIV [HR] in PLC mesophases, which reflect colours of iridescent blue and turquoise 
and highlight locations of disease within naturally transparent hosts (thin section TEM). The cuticular 
layers (red bar) and uninfected epidermis (arrow) beneath are indicated. 
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Figure 5.3.2 Gladioferens pectinatus displaying opalescence within the pedigerous somites.   
Dissection microscope images with copepods displaying similar opalescence to those used EM-
validated PCR samples. Top left insert includes G. pectinatus without strong opalescence, for 
comparison (strong opalescence is able to be viewed from multiple angles; e.g. image left top versus 
image below). Opalescence in the pedigerous somites is probably also associated with infection by 
other genera (e.g. Iridovirus and Chloriridovirus) of Iridoviridae. Best observed in live and formalin 
fixed G. pectinatus 
 
 
Figure 5.3.3 Strong opalescence across the pedigerous somites apparently within the endocuticle or 
epidermis of Gladioferens pectinatus is associated with infection by an Iridovirid.  
Opalescence was more vivid in live G. pectinatus prior to ethanol preservation and may indicate 
infection in the endocuticle or epidermis by viruses. Epizootics may be also be associated with these 
infections. A homogenised copepod sample (10-001963) from the Hopkins estuary in winter 2009 
containing one G. pectinatus and one Sulcanus conflictus with opalescent infection, as shown above, 
produced an amplicon (552bp) from the MCP region. Importantly, opalescence- as seen here, develops 
in most freshwater, estuarine and marine copepod species. Similarly, in addition to opalescence, 
Australian Daphnids develop strong iridescent infection, which often is only apparent in the epidermis. 
Federici & Hazard (1975) found an iridovirid to infect the epidermis and endocuticle of opalescent 
Daphnids. Images under bright field light microscope. 
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5.4 Results and Discussion 
Amplification efficiency of TaqMan assays 
The amplification efficiency for each TaqMan assay was determined using dilutions 
of template from Iridescent sample ‘Irid 02’. There was a very good linear 
relationship for mean CT- values across the ZoopIIV [HR] MCP gene dilutions (Fig 
5.4.1). The Amplification efficiency for ZoopIIV [HR] qPCR assays 1, 2 and 3 was 
93.37 (Ex=1.867), 92.64 (Ex=1.853) and 95.01% (Ex=1.9) respectively; falling within 
the accepted range (90-110% efficiency), and efficiency (Ex) values were near 
optimal (where Ex = 2; Applied Biosystems 2006).  Further, no template was detected 
within the negative control (virus free water) for each assay. Thus, either of the 
ZoopIIV [HR] qPCR assays was suited for detection and quantification of the 
ZoopIIV [HR] MCP nucleotide, within the concentration range examined (Figure 
5.4.1). Future qPCR assay analysis may also include development of a plasmid 
containing a known virus concentration, which can be serially diluted to produce 
concentrations approaching that of virus free water (Yan et al. 2009), to determine the 
lowest detection limits for target-sequence by TaqMan qPCR.   
 
Method for deciphering natural anatomical appearance versus viral opalescence 
and iridescence 
The method for deciphering viral PLC reflected-colour and PLC-textures within 
copepod hosts was successful, as was indicated by virion abundance determination 
and presence/absence analysis for iridescent and opalescent copepods using NCEM 
(Figures 5.3.1 & 5.3.2). Furthermore, the use of a single host species, G. pectinatus, 
enabled various infection colour-characteristics of PLCs formed by ZoopIIVs in a 
single crustacean zooplankter to be better understood (Figures 5.3.1, 5.3.2 & 5.3.3; 
also refer to Chapter 2). However, additional work is required to optically correlate 
infection PLC colour-characteristics and infected tissue with other iridovirids of G. 
pectinatus using PCR (Figure 5.3.3); including other viruses that may form PLCs. 
Optical and PCR assays are also required for investigating other host-zooplankton 
from freshwater, estuarine and marine environments for use in infection-ecology 
studies (Chapter 4).  
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Understanding iridovirid infection colour and pattern within transparent crustacean 
hosts was a significant aspect of this study. Indeed, iridescent or opalescent colours of 
infection by iridoviruses in other zooplankton hosts can also be utilised to detect and 
monitor progressive iridovirid infection in hosts and host-populations (Chapter 4).  
One example perhaps of significance is an image in Engel (1963; p 120-121) of a 
normally colourless marine amphipod from North America with blue and turquoise 
iridescence throughout. The iridescence is characteristic of PLCs associated with 
infection by iridoviruses in copepods, as determined during this research. 
Incidentally, it may be the first ever colour image of infection by the iridescent 
viruses of Iridoviridae; following the invention of polarizing microscopy by pioneer 
photomicroscopist Roman Vishniac (Engel 1963). Iridoviruses of amphipods are yet 
to be identified but they almost certainly exist; and like copepod iridoviruses, perhaps 
they have been largely overlooked by aquatic-ecologists, until now.  
Analysis of TaqMan assay sensitivity for detection of ZoopIIV [HR] using 
validated samples 
Presence/absence analysis using NCEM, optically validated that all iridescent and 
opalescent (pedigerous somites) copepod homogenates contained virions 
characteristic of ZoopIIV, and, for homogenates comprising putative-uninfected 
copepods, viruses were not observed by negative contrast EM. Samples containing 
iridescent host copepods, produced grid virion densities ranging between 220.80 ± 
49.95 and 830.80 ± 194.90 (x̄ ± SD) per 1000 µm2 and Opalescent-copepod 
homogenates presented significantly lower densities (t-test: t8 = 18.206, P <0.001) 
between 0.66 ± 0.89 and 2.4 ± 2.07 per 1000 µm2.  Notably analysis of virion 
densities and qPCR Ct values for Iridescent and Opalescent copepod-homogenates, 
supports ZoopIIV [HR] as causative of both iridescence and opalescence- and is 
further discussed later (also see Figure 5.4.2).  
Virions remained undetected by NCEM from samples containing putative-uninfected 
copepods; however TaqMan qPCR detected target sequence within all samples (Table 
5.4.1). Thus obtaining a bona fide “negative” copepod-homogenate sample (without 
target DNA) from natural aquatic environments may be difficult. The reasons may 
include:  
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i) host-free viruses may remain in the aquatic environment; for example, 
embedded in dead hosts, host tissue, free floating and within sediment 
(Chapter  3); 
ii) DNA in zooplankton sample water and in situ in aquatic environments, 
probably includes ZoopIIV DNA released from virions - e.g. embedded in 
major capsid proteins dismembered from virions that have undergone 
lyses (Chapter  3; AKA environmental DNA- eDNA); 
iii) putative-uninfected copepods probably host ZoopIIV in optically 
undetectable levels (using light microscope, NCEM and TEM);  
iv) infected hosts unavoidably “contaminate” sampling medium (Chapter  2); 
v) virions are excreted or secreted from hosts into the sample medium 
(perhaps a natural transmission method; Appendix 2). 
 
Thus, detection of ZoopIIV [HR] in putative-uninfected samples may have occurred 
due to several of the aforementioned factors. 
 
Importantly, ZoopIIV [HR] major capsid protein DNA, whether bound (as capsid 
protein) or as eDNA, remained sufficiently intact for detection with qPCR. However, 
DNA degradation levels that may have occurred prior to qPCR remains unknown. 
qPCR CT values may be influenced by environmental conditions, sample holding 
conditions and inherent procedural effects. For example, DNA from host-free virions 
and eDNA may degrade at different rates to each other; and to bio-encapsulated 
particles in host faecal excretion, secretion granules, and within live or deceased 
hosts.  
Host-free iridoviruses may remain infectious in wet conditions. For example, 
Invertebrate Iridescent Virus 6 (IIV-6) held at 25°C in moist soil, have infectivity 
half-lives of 4.9  to 6.3 days (with prior soil sterilization), however, when held in 
water only, half-lives extended to 12.9 days (Reyes et al. 2004).  Additionally, 
Iridovirus (IIV-2 & IIV-6) in suspensions held at 4°C has infectivity half-lives of 32 
and 17 days respectively (Reyes et al. 2004) and may remain detectible after 3 
months (Christian et al. 2006). Thus, increased moisture content and lower 
temperatures, including environmental-ions (Christian et al. 2006) are factors that 
may attenuate half-lives of iridoviruses, while detrimental factors may include UV 
light, dehydration and temperatures above ~30 °C (species/study dependent)(Reyes et 
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al. 2004; Williams et al. 2005; Christian et al. 2006). Notably, factors influencing 
eDNA degradation in aquatic ecosystems (i.e. relevant to samples, collected and 
stored), include endogenous nucleases, water, UV radiation and nanoflagellate, 
bacterial and fungal activity (Shapiro, 2008; in Dejean et al. 2011; Hewson et al. 
2012). eDNA uptake by microorganisms varies with temperature, and low 
temperature slows enzymatic and microbial activity resulting in slower DNA 
degradation; thus the ability to detect eDNA may vary seasonally (Dejean et al. 
2011). Notably, longer DNA fragments (300-400 bp) in water can be detected within 
a week (under controlled conditions) while short fragments remain more stable over 
time (Dejean et al. 2011). Furthermore, the decay of virus DNA from aquatic 
environments varies between genotype; for example, in a controlled experiment, 
Circovirus and Geminivirus eDNA decayed at a rate of 5.87 and 0.13% h-1 
respectively (Hewson et al. 2012). To add, teleost eDNA experiments revealed 
detection thresholds of 0.9 and 6.7 days for two marine fish species (Thomsen et al. 
2012), further indicating variation in eDNA resilience between originator-species. 
Factors influencing virus DNA (bound and eDNA) half-lives may be considered in 
future zooplankton sample collection and storage, for qPCR methodology refinement, 
along with factors required for preserving PLCs for bright field light microscopy 
analysis (Chapter 2). With advances in genetic sequencing technology, the 
contributions of virus eDNA from aquatic ecosystems, may now also be included in 
future aquatic virus ecology and biosecurity surveys (sensu Dejean et al. 2011).  
TaqMan qPCR detected ZoopIIV [HR] sequence in all samples, including putative-
uninfected samples (Table 5.4.1). For each qPCR assay, upper and lower mean CT 
values from Iridescent samples were obtained from sample ‘Irid 02’ and ‘Irid 05’ 
respectively, indicating a high amount of target sequence in iridescent copepod 
samples; mean CT’s ranged between 14.85- 16.91 (qPCR assay 1), 14.87-17.19 
(qPCR assay 2) and 14.58-16.91 (qPCR assay 3) (Table 5.4.1). Notably, the 
concentration of ZoopIIV [HR] nucleotide in sample ‘Irid 02’, which produced the 
lowest CT values for each qPCR assay, was also sufficiently high enough to dilute and 
determine the qPCR assay Measured efficiency (Figure 5.4.1).  Iridescent and 
opalescent samples similarly produced CT values that ranged between 28.59 (qPCR 
assay 1) and 33.46 (qPCR assay 2), indicating a moderate amount of target nucleotide 
was present in all samples. 
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Table 5.4.1 Real-time qPCR mean CT values for ZoopIIV [HR] TaqMan assays assessed against 
iridescent (Irid), opalescent (Opal) and putative-uninfected (PU) copepod samples 
 
                 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Homogenate 
sample 
Assay 
 1 
Assay  
2 
Assay 
 3 
Irid 01 15.84 15.88 15.95 
Irid 02 14.85 14.87 14.58 
Irid 03 15.25 15.03 15.26 
Irid 04 - - - 
Irid 05 16.91 17.19 16.91 
Irid 06 15.91 15.96 15.77 
Irid 07 15.88 15.89 15.61 
Irid 08 16.36 16.10 16.10 
Irid 09 16.62 16.54 16.61 
Irid 10 15.46 15.29 15.48 
PU 01 29.96 30.68 29.94 
PU 02 29.98 31.30 30.64 
PU 03 33.13 33.46 33.38 
PU 04 31.76 32.47 31.91 
PU 05 31.37 32.15 31.78 
Opal 1 31.58 32.39 31.82 
Opal 2 29.30 30.03 29.74 
Opal 3 28.89 29.83 29.59 
Opal 4 30.91 31.78 31.57 
Opal 5 28.59 29.42 29.13 
Notes: missing sample Irid 04 and PU 06-10. All copepods 
were sourced from the Hopkins River estuary 
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Figure 5.4.1 Measured efficiency of TaqMan qPCR assays 1, 2 and 3 (to ZoopIIV [HR] MCP 
DNA) using the CT slope method for 6 concentrations and a 5-log dilution range.  
Template was sourced from sample 11-00510-0028-002 (Table 5.4.1, Irid 02).   
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Comparison of ZoopIIV [HR] detection between samples and analytical 
technique using Assay-2 
qPCR assay-2 was investigated between samples for ZoopIIV [HR] detection relative 
to virion abundances derived by NCEM, between samples. An expected approximate 
CT value and virion density relationship was partly-evident for iridescent samples 
Irid03 and Irid02, and opalescent samples Opal5 and Opal3 (Figure 5.4.2). CT values 
are log values; therefore, all are within an expected range of each other (statistically 
insignificant CT values between samples) within both iridescent and opalescent 
categories (Figure 5.4.2). Notably, the proximity of each virion-density mean to its 
relative CT value within each sample, are all remarkably close between samples 
within iridescent and opalescent categories. Thus, the initial selection of adult 
copepods hosting ZoopIIV, at either an advanced or early infection stage, is indicated 
to be repeatable by using copepod appearance to indicate infection. Refinement of the 
methodology between the copepod selection, at EM and qPCR analysis stages, may 
further-improve the inverse relationship with CT value and virion density (Figure 
5.4.2).  
CT-virion density relationship analysis may also highlight procedures within assay 
areas that require refinement, particularly where CT values were similar, for example 
between putative-uninfected and opalescent categories (Table 5.4.1). Notably, a 
“baseline” level of target DNA may exist throughout all samples (reasons previously 
discussed) or, virions were not adequately detected during presence/absence and 
density analysis with NCEM, indicating possible procedural areas for directed 
refinement. The low number of virions able to be enumerated from samples 
containing copepods with opalescence (Figure 5.3.2) and non-detection of virions in 
putative-uninfected samples may indicate that “chance” was not necessarily the 
reason virions were not detected by NCEM, but rather, there is another level of 
infection between opalescent and putative-uninfected samples. This is indicated by 
qPCR CT values which lie within the same log-range (Table 5.4.1); and sample virion 
density for putative-uninfected samples was not possible, yet was determinable for 
opalescent samples (Figure 5.3.2; including those not examined by qPCR) using 
optical techniques. Therefore, with further co-development of assays, light 
microscopy may be used for ecological studies to detect even low-level opalescent 
infections (with cross-evaluation with qPCR, NCEM, or both). However, in future 
qPCR would be co-utilised for examining putative-uninfected copepod homogenate 
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samples, and analysis should include water sample/s from each parent sample to 
determine the relative “baseline” level of target DNA for comparison. Additionally, 
“blind” evaluation during future NCEM analysis would be additive during procedural 
intra-assay development and inter-assay repeatability analysis (e.g. OIE in prep).  
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Figure 5.4.2 Comparison of ZoopIIV [HR] detection between samples and analytical technique 
using Assay-2.  
The dashed line indicates approximately, the hypothetical inverse relationship between CT-value and 
ranked virion-density (ZoopIIV[HR]) under perfectly replicated conditions between samples; assuming 
virion density remained the only variable (the hypothetical line of expected best fit will vary its vertical 
position with changes in qPCR assay efficiency). A change by two orders of magnitude exists between 
iridescent (upper) and opalescent (lower) copepod-homogenate virion mean densities, which is 
indicated along the respective left-hand-side y-axis in the upper and lower graph. Bars represent the 
Standard error.   
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Analysis of qPCR assay primers for ZoopIIV [HR] detection with conventional 
PCR 
ZoopIIV [HR] was detected in all samples except the virus free water (negative 
control) (Fig 6). Following conventional PCR, all excised amplicons were sequenced 
and were identical over 303 bases.  Notably, the strongest amplicons (lanes 1 & 2; 
Figure 5.4.3) corresponded with qPCR mean Ct values of 15.88 and 14.87 for two 
samples taken from the iridescent copepod treatment (i.e. sample Irid01 and Irid02, 
respectively (Table 5.4.1). Similarly ZoopIIV [HR] was detected in putative-
uninfected and opalescent samples, which was consistent with qPCR and produced 
similar CT values between the categories. Reasons for the similar result have been 
discussed earlier. 
 
 
Figure 5.4.3 ZoopIIV [HR] detection using conventional PCR with TaqMan probes (Table 5.3.1)  
 
Phylogenetic relationship of ZoopIIV [HR] to other vertebrate and invertebrate 
iridoviruses 
The phylogenetic relationship of the ZoopIIV [HR] to other members of family 
Iridoviridae was investigated with a non-redundant BlastX search 
(http://www.ncbi.nlm.nih.gov/) of the ZoopIIV [HR] MCP sequence. The closest 
deduced amino acid homologies were 65.4% with Acetes erythraeus iridovirus 
(ABR37646), 59.4% with Costelytra iridescent virus (O39164) and 57.4% with both 
Invertebrate iridescent virus 3 (YP_654586) and Tipula iridescent virus (P18162) 
(Figure 5.4.4). Phylogenetic analysis of ZoopIIV [HR] - and another new iridovirid 
detected during this study, Iridovirid 10-044192 (Figure 5.4.5), indicates these 
Putative 
uninfected 
 
Opalescent 
 
Iridescent 
 
Lane                (Sample source/ID) 
M) 100bp marker 
1) Iridescent (Irid01; 11-00510-0028-001) 
2) Iridescent (Irid02; 11-00510-0028-002) 
3) Putative-uninfected (PU01; 11-00510-0030-001) 
4) Putative-uninfected (PU02; 11-00510-0030-002) 
5) Opalescent (Opal 1; 11-00510-0030-001)  
6) Opalescent (Opal 2; 11-00510-0030-002) 
7) NTC (Negative control)  
 
  M        1         2        3        4        5        6       7         M 
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ZoopIIVs to be an evolutionary link between the iridovirids of invertebrates and 
vertebrates (Figures 5.4.4 & 5.4.5). Additionally, the ZoopIIV [HR] isolate was 
undetected by PCR using generic primers for Iridovirus and Chloriridovirus; thus 
ZoopIIV [HP] may belong to a new genus. However, further examination of the 
ZoopIIV [HP] genome is required to detect additional conserved regions for 
comparative analysis with other genera (Nick Moody pers. comm.).  
The role of copepods as vectors of vertebrate and invertebrate viruses is well known, 
particularly for viruses important to aquaculture (Lo et al. 1996, Zhang et al. 2008, 
Overstreet et al. 2009; Valdes-Donoso 2013). Therefore, and although unknown, 
perhaps the other iridovirids identified herein may also be disease agents in 
vertebrates and other invertebrate species. Notably, there is evidence that some strains 
of Iridovirus can have a wide host range, with natural transmission occurring across 
insect orders, and even phyla (Jancovich et al. 2012). To add, new molecular research 
is uncovering zooplankton as hosts of many virus families, some of which were 
previously only known to infect terrestrial vertebrates and invertebrates- e.g. 
Circoviruses (Dunlap et al. 2012).   
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Figure 5.4.4 Phylogenetic relationship of Hopkins River Zooplankton Invertebrate Iridescent 
virus [ZoopIIV (HR)] with other members of family Iridoviridae.  
The tree was constructed from a region of Major Capsid Protein gene. Numbers indicate percentages of 
bootstrap support. Scale bar = 0.05 substitutions per site. ZoopIIV [HR] sample 11-00510-0028-001 
(Irid 01; Table 5.4.1).  
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Identification of other iridovirids and development of optical and associated 
molecular assays   
Initial attempts to identify ZoopIIV [HR], from host G. pectinatus with advanced 
iridescent infections (Figure 5.3.1) were unsuccessful using conventional PCR with 
primers for Iridovirus (Webby & Kalmakoff 1998) and Chloriridovirus (Tang et al. 
2007), including primers provided by Trevor Williams. Thus the ZoopIIV [HR] 
isolate may belong to a new genus within Iridoviridae and the necessary steps to 
design original qPCR assays were required. However, conventional PCR originally 
detected an iridovirid with primers for Iridovirus MCP DNA sequence from Hopkins 
estuary copepods captured in winter 2009.  The sample (10-001963) contained two 
homogenised Hopkins estuary copepods (G. pectinatus and Sulcanus conflictus) with 
opalescent infection (Figure 5.3.3), which produced an amplicon of ~600bp from the 
MCP region. The advanced opalescent infections (e.g. Figure 5.3.3), which appeared 
‘iridescent’ at capture, changed to opalescent thereafter; infection was evident across 
all copepod life stages and species when subsequently analysed with bright field light 
microscopy. Thus the iridovirid that evidently caused ~100% morbidity in winter 
2009, along with ZoopIIV [HR], probably contributed to the low G. pectinatus 
densities the following summer (Chapter 4).  
Nick Moody next developed conventional PCR assays employing generic primers for 
the detection of genus Iridovirus and Chloriridovirus (provided by Trevor Williams) 
from the opalescent samples; two additional iridovirids were detected (Figure 5.4.6). 
The 552bp MCP DNA sequence for Iridovirid 10-044192, indicated it was 
phylogenetically situated between the iridoviruses of vertebrates and other 
invertebrates and also may be unique within Iridoviridae (Figure 5.4.5).  Iridovirid 
10-044192 shares a common ancestor and is phylogenetically more-closely related to 
vertebrate iridoviruses than other invertebrate iridoviruses (Figure 5.4.5).  
These unique ZoopIIVs are a new link in the evolution of Iridoviridae; and while 
they infect crustaceans, they may cause disease agents in vertebrates, given their 
phylogeny. However, there is no current evidence to suggest any link with vertebrate 
disease. Furthermore, another iridovirid was detected using primers for 
Chloriridovirus, from opalescent-copepod homogenate (e.g., Figure 5.3.3). Further 
analysis including iridovirid gene sequencing is required (Nick Moody pers. com).  
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Further work is essential in developing assays for identification of zooplankton 
iridovirids detected during this study and should include host G. pectinatus and other 
zooplankton with signs of infection, including iridescence and opalescence within and 
across the pedigerous somites (Figures 5.3.1 – 5.3.3).  
Because this study has highlighted that a single zooplankton population can host 
several zooplankton iridovirid genera, further work should also include the effects of 
viral co-infection and virus species-domination (weekly, seasonal and interannual) 
within host populations, employing both optical and molecular assays. Ultimately, 
diverse TaqMan assays may be co-developed (along with optical assays) to detect and 
quantify multiple virus species from the genera of Iridoviridae (sensu Zerihun et al. 
2011). The qPCR assays may be designed to include other virus families that are also 
important disease agents in the mesozooplankton (Dunlap et al. 2012; Hewson et al. 
2013). Thus, future optical infection-ecology studies will be able to cross-validate by 
using qPCR between samples to confirm the iridovirid of dominance. 
144  
 
 
Figure 5.4.5 Phylogenetic relationship of Iridovirid 10-044192 identified from adult 
Gladioferens pectinatus and sample water.  
The iridovirid from sample 10-044192 shares a common ancestor (green basal node) with the 
vertebrate iridoviruses (e.g. Ranavirus and Lymphocystivirus). Comparisons with Megalocytivirus are 
pending. The invertebrate iridescent virus with closest deduced amino acid homologies of 54.9% was 
Simulium sp. iridescent virus (P22166; Black Fly host). The tree was constructed from a region of 
MCP gene. Scale bar = 0.2 substitutions per site. Homogenised opalescent Gladioferens pectinatus 
used to obtain the sequence were validated for virion presence by NCEM (02/12/2010). 
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Figure 5.4.6       Detection of iridovirids from water (W) and Iridovirus and Chloriridovirus in 
sample 2 (Gladioferens pectinatus with weak opalescence; e.g. Figure 5.3.2 inset top right).  
Primers were specific to DNA sequence within the Major Capsid Protein (MCP). Amplicons using 
primers for Iridovirus produced identical sequences across 552 base pairs. 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
 
 
Further co-development and optimisation of PCR assays for detection of 
Zooplankton Invertebrate Iridescent viruses  
Three qPCR assays were successfully developed and demonstrated and validated 
herein, as fit for the purpose of detecting ZoopIIV [HR] within copepod zooplankton; 
including iridescent, opalescent and putative-uninfected animals. For real-time PCR, 
a variation of 1–2 CT values for a single retested sample is considered acceptable 
(OIE in prep); thus the ZoopIIV [HR] inter-assay CT similarity (CT differences <1) 
   M     1     1      3      3    W    W    N     N      2    2      N     M   
 
M    1     1     3      3     W    W     N    N     2      2     N    M   
 
Chloriridovirus MCP PCR 
Iridovirus MCP PCR 
Lane  
M) 100bp marker 
1)    Iridescent copepods 
2)   Opalescent G. pectinatus (Fig 5.3.2)  
      (10-03668) 
3)   Iridescent copepods 
W) Water containing Opalescent (Fig 5.3.3)  
       G. pectinatus    (March 2010) 
N)   Negative control  
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within samples is acceptable and each qPCR assay is fit for purpose (Table 5.4.1). For 
the purpose of assay optimisation, a cultured and certified virus-free stock for each 
host zooplankton species will be required for qPCR assay development, to meet the 
diagnostic certification requirements of qPCR assays (OIE 2012; OIE in prep). 
Furthermore, ZoopIIV [HR] qPCR assay optimisation to further improve diagnostic 
sensitivity is probably required; as was indicated by CT-virion density comparison 
between iridescent and opalescent copepod samples and diagnostic procedures 
(Figure 5.4.2). Increased intra- and inter-assay testing with added repetition are 
needed to satisfy the criteria of repeatability between and within assays over time to 
ensure statistical uncertainty (COV) remains within accepted levels (OIE in prep).  
Further consideration for minimising contamination impacts to zooplankton samples 
with sampling procedures and sample storage is essential (Chapters 4). In addition, 
the development of both ZoopIIV and certified pathogen-free copepod cultures is 
required for each virus strain and host species, to enable controlled experiments on 
virulence and host pathology. 
Co-developed optical and qPCR assays may be used in formulating multi-pathogen 
molecular diagnostic assays, for the detection and ecological monitoring of pathogens 
that collectively impact zooplankton populations; including important disease vectors. 
Further work is required into understanding effects of viral co-infections and changes 
in the relative abundance of different viruses within individuals and populations over 
time. Thus it is also necessary to develop and optimise qPCR assays for detecting and 
monitoring other iridovirids detected during this study.  
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5.5 Conclusions 
Gladioferens pectinatus provided an ideal model-host for understanding signs of 
infection by iridoviruses in copepods and for co-developing molecular assays. 
Importantly, the iridescent and opalescent colour-indicators of iridovirid infections in 
G. pectinatus are also apparent within many copepod species from Victorian 
estuaries, rivers and freshwater lakes, the Southern Ocean, Tasman Sea and from 
international marine environments, such as Antarctica (Chapter 4). Thus copepod 
iridovirids, and/or other viruses that similarly form PLCs within hosts (Chapter 2) are 
widespread and may be having significant ecological impacts. The optical methods 
developed during this study, successfully detected iridoviruses in transparent copepod 
zooplankton, and co-developed ZoopIIV [HR] TaqMan and conventional PCR’s were 
successful in gene identification and quantification. However, further assay 
optimization and validation is required. Several unique isolates of Iridoviridae were 
identified from estuarine copepods, which contain species and perhaps genera that are 
new to science; and at least one of them ZoopIIV [HR] - and probably Iridovirid 10-
044192 (unnamed), contributes to reduce and suppress its host-population (Chapter 
4).  
Copepod co-infection by iridovirids and virus species-dominance within host 
populations remains to be determined. Co-developed and optimised molecular and 
optical assays may be used in ZoopIIV infection-ecology studies with cross-
validation, to determine the effects of iridoviruses at the host, host-population and 
ecosystem level. Finally, the methods under development herein will ultimately be 
used to provide data on the effects of zooplankton iridoviruses, which have been 
missing from fisheries recruitment, ecosystem function and climate change models.  
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CHAPTER 6  
 
General conclusions 
1. Viral Smectic blue phases within host-copepods were originally recognised 
while in vivo and were presented.  
2. ZoopIIV [HR] Smectic blue phase liquid crystals within transparent copepods 
enabled visual detection of hosts and infection level. Thus, provided the 
integrity of the viral liquid crystal structures was retained within the host, the 
reflected or refracted colours may be used as a colorimetric tool to identify 
viral infection and indicate the level of infection throughout semi-transparent 
zooplankton.  
3. The iridescent Smectic blue phase platelet textures and opalescent colours 
produced by light reflected and refracted by viral photonic liquid crystals 
within hosts were confirmed as indicative of viral infections using TEM.  
4. Iridescence and opalescence resulting from viral infection was distinguishable 
from colour associated with anatomical structures in zooplankton. This was 
achieved by studying the infection-colour in a single host species, 
Gladioferens pectinatus.  
5. Ultrastructural examination found the vitrified ZoopIIV [HR] particle capsid 
diameter was 165 nm along the three-fold axis of symmetry, with radially 
projecting fibrils ~ 54 nm long. Other aspects of the icosahedral particle 
design were consistent with other members of Iridoviridae. 
6. Temperatures >23°C were a key driver of infection development, as indicated 
by the increased level of ZoopIIV [HR] infection throughout adult G. 
pectinatus population; and epizootic events were associated with sub-
optimum environmental conditions. 
7. Observed copepod behavioral changes with advanced ZoopIIV infection, such 
as a reduced swimming efficiency, response to threatening situations and 
increased lethargy, may have significant non-lethal and pre-mortality effects. 
Behavioural change may influence host zooplankton carcass-deposition, 
associated carbon and nutrient distribution, levels of predation mortality and 
transmission dynamics. 
 
8. Histology examination revealed ZoopIIV infections within the reproductive 
system of male and female G. pectinatus, thus infections contributed to 
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suppress the host population and its rebuilding capacity, particularly while 
environmental conditions were sub-optimal. Additionally, ZoopIIV [HR] 
infected connective tissue and epithelial cells, including secretory gland cells. 
9. TaqMan qPCR assays were developed for reliable detection of ZoopIIV [HR].  
10. ZoopIIV [HR] was determined to be a unique invertebrate iridovirus. 
11. Other unique iridovirids were also detected from opalescent copepods; one 
belonging to Chloriridovirus and another (Iridovirid 10-044192) was 
phylogenetically more-closely related to the vertebrate genera. 
12. Other mesozooplankton populations and species from freshwater, estuarine 
and marine environments were observed with the distinct visible signs of 
iridescent or opalescent viral infection.  
 
This study found optical analysis was essential for detecting infected hosts of a 
new virus, ZoopIIV [HR], and for subsequent development of PCR assays. 
Optical analysis was useful for understanding sample and host condition prior to 
PCR analysis and, for investigating the infection-ecology of ZoopIIV [HR] within 
a host zooplankton population. The optical assays developed and areas required 
for further investigation and development to best preserve zooplankton, will 
improve future infection-ecology studies with PCR, rather than relying on 
separate PCR or optical analysis (Table 6.1). The added information obtained by 
using optical analysis of ZoopIIV hosts- together with PCR will make future work 
much easier, more accurate with cross-validation, and informative (Table 6.1). 
Co-developed optical and molecular assays for detecting and monitoring ZoopIIV 
[HR] infection-ecology will aid in determining the effects of infection in hosts, 
host-populations and ecosystems.  
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Table 6.1.1 Positive and negative aspects of optical and qPCR assays when utilised 
separately and positive aspects of their use together 
Optical analysis of hosts qPCR  
Visual analysis of infection sites requires 
effective viral liquid crystal preservation 
in vivo: thus hosts must preserve-well, or 
be analysed live or fresh and intact (for 
visual investigation of morbidity and 
infection level). 
 
 
Zooplankton condition within samples, as 
indicated by viral liquid crystal colour 
and specimen appearance, can be used to 
optimise procedures and indicate the 
appropriate level for conclusive 
description of viral infection with qPCR 
(e.g. at the sample or host level). 
Optimal host condition should be maintained 
during capture, fixation, storage and analysis; 
for achieving meaningful and comparable 
qPCR CT –values, between hosts and 
samples. 
 
 
 
qPCR cannot indicate host condition and 
specific infection sites, which can be 
determined visually. qPCR is restricted to 
interpretation at the level of ‘sample’ rather 
than ‘host’ (required for morbidity 
determination), when hosts show signs of 
degradation. 
(For PCR analysis at the level of ‘host’, it is 
recommended that potential zooplankton 
hosts are identified and isolated immediately 
or soon-after capture while they are in good 
condition).  
Early stages of infection may not always 
be detected. Opalescence caused by 
viruses requires delineation from 
anatomical opalescence, which is 
somewhat possible using visual 
comparatison of individual hosts.   
Optimised qPCR assays with high sensitivity 
will detect small-amounts of virus nucleotide. 
PCR will more accurately estimate virus 
prevalence. 
Iridescence can indicate localised and/or 
advanced levels of infection within hosts; 
including morbidity. The presence of 
smectic platelets within liquid crystals, 
can confirm viral infection. 
Iridescence within the tissue of hosts 
resulting from viral infection, differs to 
iridescence associated with the cuticular 
integument. 
Visible viral infections and levels thereof, 
can be used in formulating homogenate-
samples for cross-validating qPCR assay 
efficiency; and target nucleotide detection 
and quantification. 
qPCR cannot be utilised to describe Local 
infections, which may have a high sub-lethal 
concentration of viral DNA (as per Local 
iridescent ZoopIIV [HR] infections) and may 
only be useful for pathogen identification. 
Iridescence or opalescence can indicate 
viral infection then be verified with 
electron microscopy. 
 
 
 
Infection sites can be optically validated 
within hosts with bright field microscopy, 
then validated electron microscopy. 
 
Sub-lethal and near-lethal viral infection 
levels can be determined and related to 
Unknown and uncharacterised viruses may 
remain cryptic to available PCR assays; e.g., 
ZoopIIV [HR] in the current study. 
Optical analysis can reveal virus presence 
and specific PCR assays may then be 
developed.  
qPCR cannot specify infection sites within 
hosts 
 
 
Financial cost and effort may be higher when 
analysing at the ‘host’ level with qPCR 
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morbidity and host-population structure 
and ecology. 
 
(detection & quantification)  
 
Iridescence or opalescence within hosts 
may be caused by more than one virus 
type-species simultaneously. 
qPCR should be used for identifying and 
cross-validating virus species and 
dominance-shifts throughout and between 
optical infection-ecology studies. 
Optical analysis cannot detect eDNA qPCR is sensitive and should detect eDNA; 
however processing effects and other 
influences on degradation rates may 
influence quantitative estimates.  
Intact virions may present as eDNA during 
qPCR however their infectivity may remain 
unknown. 
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APPENDIX 1 
 
 
Plate 1 The rapid effects of osmosis in the marine copepod (Cyclopoida; Oncaea) 
evident as swollen and protruding tissue following cuticular rupture at the base of the 
cephalosome. Note: the violet colour is due to natural pigmentation. However, strong 
opalescence presents in Oncaeids.  
Note: Female with eggs; fixed in 10% formaldehyde/seawater 
 
Plate 2 Gladioferens pectinatus displaying body tissue ruptured though the cuticle at 
the base of the cephalosome due to oedema and osmosis. Note: fresh ZoopIIV [HR] 
infected male in estuary water. 
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Plate 3 BPSm- nematic phase transition (arrow) with advancing oedema. Image under 
dissection microscope (28/11/2010). 
 
Plate 4  BPSm 
1 and BPSm
2 platelet textures within the blue tissue of an insect 
abdomen (exoskeleton removed and in distilled water). Note: the white tissue was 
iridescent blue regionally across ~1/3 of the abdomen, with obvious iridescent blue 
and turquoise platelet textures (arrows). Source: Roennfeldt (2010) internal report. 
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APPENDIX 2 
Preliminary histological analysis of Gladioferens pectinatus hosting a 
Zooplankton Invertebrate Iridescent virus 
Summary 
Adult Gladioferens pectinatus hosting ZoopIIV [HR] were examined using several 
histological laboratory techniques. Superabundant virion densities were mostly 
observed within epithelial-type tissues, and included; connective tissue throughout 
the prosome and appendages, secretory gland cells, the male spermatophore, and 
oocytes and germ plasm within the female reproductive system (Plate 1-16 herein). 
Further histological analysis is required to determine other host cells, sites of 
infection initiation and infection development, and routes of transmission between 
copepods.   
Methods 
Copepods with and without iridescent ZoopIIV [HR] infection were captured from 
the Hopkins River estuary and selected for investigation (by the author, R-L.R.) using 
several diagnostic methods and standard procedures at the Australian Animal Health 
Laboratories, Geelong. Description of G. pectinatus infection level (IL) and the 
analytical method/s that were employed are provided in Table 1.  Paraffin embedded 
and haematoxylin and eosin (H & E) stained copepod thin sections were compared 
between putative-uninfected (IL 1) copepods with IL’s ~ 3-4 under a charge-coupled 
device camera (DFC400). Copepods with median-level infection (IL3), both male and 
female, were thin sectioned and analysed using transmission electron microscope 
(TEM). Three TEM’s were utilised, including a Philips CM 120 (120 kV), Hitachi 
H7000 (80 kV) or JEOL JEM-1400 (120 kV). Additionally, resin embedded 500 nm 
host-copepod thick sections were cut and stained with Toluidine blue (1%) in borax 
(1%) for 60 seconds at 70ºC; then were rinsed in water and air dried prior to imaging 
and analysis under Leica LM microscope (LMD6500). Host thin sections that 
corresponded with stained anatomical locations, were cut beneath the thick sections 
and analysed by TEM. For thin sectioning, Sorenson’s phosphate buffer (300 mOsm 
l-1; pH 7.2) was used in addition to the procedure provided in Weir et al. 2012 
(Sandra Crameri pers. comm).  Methods for copepod capture, host selection and 
preparation for ultrathin sectioning are provided in Chapter 2.  
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Appendix 2: Table 1 ZoopIIV [HR] infection level and corresponding methods used to identify hosts 
and analyse infection sites in Gladioferens pectinatus 
Infection level 
(categorical) 
Visible 
infection  
Visible infection descriptor Diagnostic method/s for 
infection detection  
1 
(Putative 
uninfected) 
No  H & E stained host 
sections (indicated 
putative-infection) 
2 
(Low) 
Yes  may include: foggy blue 
appearance, localised 
iridescence, opalescence, 
smectic BP platelets 
(descriptions in Chapter 2) 
bright field light 
microscopy; H & E 
stained sections; TEM 
(negative stained host-
homogenates and thin 
sections) 
3 
(Median) 
Yes infection indicated by patchy 
iridescence, and may include 
foggy blue appearance; with 
smectic BP platelets; strong 
opalescence (descriptions  in 
Chapter 2) 
All previous methods of 
detection (plus 
methylene blue-stained 
sections and by naked 
eye) 
4 
(Advanced) 
Yes totally iridescent throughout All methods of detection  
Table constructed by R-L. R. for future reference and development. 
 
Copepod processing for haematoxylin and eosin staining 
 Adult Gladioferens pectinatus were selected for analysis by the author (R-L. R.) then 
prepared for sectioning and staining with haematoxylin and eosin (H&E) at the 
Australian Animal Health Laboratories Histology department. Individual copepods, 
due to their small size, were placed in a small labelled containment basket and the 
entire animal fixed in 10% Neutral Buffered Formalin (NBF x5 Concentrate; 
CONFIX BLUE- Australian Biostain P/L) overnight. Copepods were then processed 
using automated LEICA processor TP1020, dehydrated sequentially in 70% ethanol 
for 30 mins; 90% ethanol for 60 mins (x 2); 100% ethanol, for 30 mins then 120 
minutes (x 2). Copepods were then immersed in X3B solvent for 90 mins, then 120 
mins (x 2). Next, they were placed in Paraffin wax (Paraplast; Leica Microsystems) at 
60° C for 180 mins, and the process was repeated before cooling and embedding in 
paraffin wax. All processing was performed under vacuum, except during 10% NBF 
fixation. 
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  Prior to sectioning, the paraffin blocks were trimmed using a Leica Rotary 
Microtome until copepod tissue was exposed. The blocks were chilled, then further 
sections were cut at 4µm and placed on a 46°C water bath for flattening, before 
placement on washed slides (Colourfrost SCF90G: Hurst Scientific) and drying at 
37°C. In preparation for staining, slides with adhered copepod sections were placed in 
racks at 60°C for 10 mins.  Slides were dewaxed in three changes of X3B for 3 mins, 
100% ethanol for 3 mins (x 2) and 70% ethanol for 3 mins before final submersion in 
water. Slides were stained by Stainmate automated H&E stainer  using modified 
Lillie-Mayer Haematoxylin and Alcoholic Eosin/ Phloxine 0.1% (Australian Biostain 
P/L) before coverslipping. Table 2 further describes the H&E staining procedure.  
 
Appendix 2: Table 2. Haematoxylin and Eosin staining program  
Step # Bath # Reagent Time (seconds) 
In bath 
agitate 
Over bath 
agitate 
0 0 Haematoxylin 180 Y Y 
1 2 Water 120 Y  
2 1 Acid Ethanol (0.5%) 30 Y Y 
3 2 Water 120 Y  
4 4 Scott’s Tap Water 30 Y Y 
5 2 Water 30 Y Y 
6 3 Eosin 30 Y Y 
7 2 Water 229 Y Y 
8 5 100% Ethanol 120 Y Y 
9 6 100% Ethanol 60 Y Y 
10 7 X3B 120 Y Y 
11 8 X3B End of run   
Scott’s Tap Water: Distilled water (2.0 L) plus NaHCO3 (7.0gm) and MgSo4 (40.0gm)  
Primary literature was sourced and utilised by the current author to identify and 
describe viral infection sites in copepods from thin section and H & E micrographs. 
Technical assistance was provided by Sandra Crameri and Clare Holmes during thin 
section preparation and thin section imaging. The current author selected copepods 
and later imaged them following sectioning and H & E staining by Jenni Harper and 
Jean Payne.   
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Plate 1 H & E stained Gladioferens pectinatus ♀ with level 1 (A) and 3 (B) ZoopIIV 
[HR] infection   
A and B) Basophilic oocytes in the oviduct (*); Basophilic ZoopIIV [HR] 
inclusions in connective tissue and cuticular epithelial cells (arrows).  
 
 
B 
* 
* 
 
 
* 
 
A A 
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Plate 2. Ultrathin section showing ZoopIIV [HR] infection and oocytes within a 
diverticulation of the oviduct. Bar= 2µm. Inset: live G. pectinatus ♀ prior to 
preparation for ultrathin sectioning. 
Oocytes became completely infected by viruses (additionall images in Ch2). Ooctye 
stage 1 yolk formation; Nucleus (N); Large Nucleolus (NU); Nucleolar sattelites 
(ST); Narrow Follicle cell (FC) that partially surrounds oocyte. Inset: live female G. 
pectinatus with median (IL3) infection level prior to preparation for ultrathin section. 
References: Blades-Eckelbarger & Youngbluth 1984; Mauchline 1998.  
 
 
FC 
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Mi 
 
   1mm 
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Plate 3 H & E stained male Gladioferens pectinatus ♂ with level 1 (A) and 3 (B) 
ZoopIIV [HR] infections   
A: Basophilic epithelium surrounding the alimentary canal (arrows) and reproductive 
system (*)  
B: Basophilic sub-cuticular epithelium in appendages and between the pedigerous 
somites (arrows).  
 
 
 
 
 
 
 
 
A 
B 
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Plate 4 Male reproductive system of Gladioferens 
pectinatus compared with Labidocera aestiva  
Gladioferens pectinatus, like other Centropagid 
species, produces a complex spermatophore 
(Mauchline 1998). 
A: H&E stained G. pectinatus; anterior alimentary 
canal (aac); lateral view 
B: Toluidine blue stained G. pectinatus; lateral view. 
Anterior alimentary canal (aac); Methacromasia may 
indicate ZoopIIV [HR] inclusions associated with the 
testes, ductus deferens and seminal vesicle of G. 
pectinatus.  
 
C: Diagram of the male reproductive system of L. 
aestiva, dorsal view. DD, ductus deferens; G, 
gonopore; SPH, spermatophore; SS, spermatophore 
sac; SV, seminal vesicle; TS, testis. Source: Blades-
Eckelbarger & Youngbluth 1982. 
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Plate 5 Spermatozoa within the spermatophore of Gladioferens pectinatus.  
Spermatozoa (S); Spermatophore wall (SW) and viruses which may be infecting 
surrounding squamous epithelial cells (Blades & Youngblouth 1981). Analytical 
method: Toluidine blue stained thin section. TEM: JEOL JEM-1400. Copepod 11-
00510-10 
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Plate 6 fibrogranular components of the spermatophore wall that have broken off into 
in the lumen (L) of the posterior spermatophore sac.  
 
Reference: Blades & Youngbluth (1981). Toluidine blue stained thin section. TEM: 
JEOL JEM-1400. Copepod 11-00510-10 
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Plate 7 Sequence of thin sections through a Gladioferens pectinatus ♂ with advanced 
(IL4) ZoopIIV [HR] infection. H & E stained sections at 4µm depth intervals.  
Infection sites: sub-cuticular epithelium and connective tissue lining the haemocoel, 
appendages, muscle tissues (heart; arrow) and organs. Similar iridovirid infection in 
crustaceans is described for copepods (Gibbs & Mayer 1980) and a Sergestid shrimp 
(Tang et al. 2007). Live copepod prosome length ~ 1 mm. Reference: Howse et al. 
1975. Dunlap et al. (2012) additionally describe Circo-like-viruses within copepod 
connective tissue. 
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Plate 10. ZoopIIV [HR] particles in a secretory cell of Gladioferens pectinatus. TEM: 
Philips CM 120. Bar 2 µm 
Excretory chamber, ec; Muscle, mu; and electron dense nuage-like (N) granular 
material.  References: Brunet et al. 1991; Boxshall 1992. Copepod 11-00510-10 ♀.  
Giant secretory cells are found within the connective tissue of adjoining pedigerous 
somites. 
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Plate 11. Integumaental pore associated with an exocrine secretory cell of 
Gladioferens  pectintus ♀; containing ZoopIIV [HR] particles. TEM: Philips CM 
120. Bar 2 µm.  
Microvillisites extend from the epicuticle lining the procuticle  (P1, P2; procuticle 
layers). References: Bresciani & Dahms 1994; Poquet et al. 1994; Boxshall 1992; 
Mauchline 1998.  
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Plate 12. Unidentified secretory gland cell containing ZoopIIV [HR] particles. ♀ 
Gladioferens pectinatus. Reference: Boxshall 1992; Poquet et al. 1994. TEM: Hitachi 
7000. Bar= 2 µm.  
The oil sac can be of significant size and comprise 20-30% of the body volume in 
calanoid copepods; varying in size seasonally (Mauchline 1998). Although not 
identified during the current study, the oil sac is a likely infection site for G. 
pectinatus, given the lipid requirement for iridovirid morphogenesis (Chapter 3).  
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Plate 13. Gladioferens pectinatus integumental pore and sectretory granules 
containing ZoopIIV [HR] virions. TEM:  JEOL JEM-1400 
Secretory granule (SG); integumental pore (P).  
A virus particle is externaly located on the host epicuticule and other particles are 
apparent within secretory granules. References:  Boxshall 1992; Poquet et al. 1994.  
 
Virus particles were frequently observed externally, in-contact with the epicuticle. 
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Plate 15. Epithelial B cells in the midgut of Gladioferens pectinatus and ZoopIIV 
[HR] particles presenting in adjacent cells. TEM: Hitachi 7000. Bar 4 µm.   
Vacuolar B cells (B); Squamus epithelial (S) cells lining the midgut and the 
neighbouring unknown cell (zymogen-like granules (Z) may indicate it as a sectory 
cell) containing ZoopIIV [HR] particles. References: Ong & Lake 1970; Boxshall 
1992.  
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Plate 16 Golgi complex of a secretory gland cell of Gladioferens pectinatus ♀ 
containing ZoopIIV [HR] particles. TEM: JEOL JEM-1400. Bar= 2 µm 
 
Nucleus (N); mitochondria (M); rough endoplasmic reticulum (RER); unpacked 
proteins (P) and virus particles within polymerised secretion. Golgi is involved with 
modification and packaging of proteins and lipids and synthesis of carbohydrates. 
References: Bannister & Herring 1989; Boxshall 1992; Poquet et al. 1994.  
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New pathogens continue to be identified. Within the past 18 months new viruses have been 
identified in Australasia. The agents have been identified from cell cultures and/or tissues arising 
from a range of animals including abalone, amphibians, copepods and bats. Identification of each 
agent is undertaken in a methodical way whereby discrete datasets are generated via collection of 
information via negative contrast electron microscopy (NCEM), examination of ultrathin sections 
and where possible immuno-electron microscopy. The datasets are then used as demarcation criteria 
to identify the agents to the level of family, or if possible, genus. Of interest is that many of these 
infectious agents may arguably be inconsequential whilst others have profound impacts on 
biodiversity, commerce/trade and even human health. 
 
Not all new diseases are caused by viruses. Chytridiomycosis for example is a deadly disease of 
amphibians and is caused by a highly infectious fungus Batrachochytrium dendrobatidis (Bd). The 
fungus belongs to the phylum Chytridiomycota and order Chytridiales. The disease is now 
recognised as a fatal disease of amphibians and is the most common disease of frogs worldwide. It 
infects two amphibian orders (Anura and Caudata), 14 families and at least 200 species and is 
responsible for at least one species extinction. Chytridiomycosis is now a notifiable disease by the 
OIE (International des Epizooties - World Organisation for Animal Health).   
 
So what made chytridiomycosis such a significant disease? How did it proliferate throughout the 
world, what makes it so deadly and how can its spread and impact of disease be mitigated? To 
address these questions a list of important objectives were identified by an international panel of 
herpetologists. The top priorities were to identify the aetiological agent and to develop diagnostic 
assays and sampling protocols. Only through the development and validation of these could other 
studies including surveys, understanding pathogenesis and effective management programs be 
effectively undertaken. 
 
Electron microscopy was the diagnostic tool responsible for the identification of Bd.  Following 
identification, transmission and scanning electron microscopy were used to understand the biology 
of the disease from which diagnostic assays and associated sampling techniques were developed. 
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The assays included a range of histochemical protocols, immuno-electron microscopy and one 
molecular technique (TaqMan real time PCR). The techniques were validated and their respective 
sensitivities and specificities (analytical and diagnostic) determined.  This work has now 
underpinned other important studies (refer above) intended to reduce the impact of the disease and 
thereby facilitate the conservation of many threatened and endangered species. 
 
This presentation will describe the search for the aetiological agent and development of assays from 
a microscopical perspective. It will highlight the use of conventional, immuno- and cryo- 
transmission and scanning electron microscopy in unraveling the identification of the fungus and the 
development of internationally validated and accepted diagnostic assays. The ongoing requirement 
for international collaboration in respect to identify new infectious agents will be highlighted 
together with the need for rapid turn-around times. 
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Figure 1.  Scanning electron micrograph of  
a frozen hydrated culture of Bd.  
S, zoosporangium; Z, zoospore. 
Figure 2.  Non destructive sampling of a frog for  
the presence of Bd.  
Figure 3.  Transmission electron micrograph  
of an ultrathin section from an  
invertebrate (Crustacea).  
1µm 200 nm 
Figure 4.  Transmission electron micrograph  
of the viruses (Fig. 3) prepared for NCEM  
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